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The petrogenesis of magmatic Fe-Ti oxide ores associated with massif-type andesine anorthosites is 
investigated through detailed studies of the world-class Tellnes ilmenite deposit (SW Norway), the 
Grader layered intrusion (Quebec, Canada) and Fe-Ti ores from the Suwalki anorthosite (NE Poland). 
Extensive sampling in the field and in drill-cores reveals significant petrographical and compositional 
variations within a single ore body and between deposits from different anorthosite complexes. The 
composition of phases from bulk XRF analyses on mineral separates and from in situ LA-ICP-MS, Sr 
isotopic composition of plagioclase, bulk rocks major and trace element contents and the spatial 
variation of these data are used to understand controlling factors on ore composition. Phase diagrams 
and experimental data on ferrobasalts as well as comparisons with the well-documented Bjerkreim-
Sokndal layered intrusion (SW Norway) are systematically used to further refine our understanding on 
the genesis of Fe-Ti ores. 
 
More than 100 samples from drill-cores in the Tellnes ilmenite deposit, part of the late-
Proterozoic (930-920 Ma) Rogaland Anorthosite Province (SW Norway), reveal significant 
petrographical and compositional variations within the ore body. Four zones are defined, based on 
variations in modal proportions and cumulus mineral assemblages: the Lower and Upper Central 
Zones and the Lower and Upper Marginal Zones. Plagioclase and whole-rock compositions 
discriminate the zones and display patterns interpreted as a result of mixing of either plagioclase-
ilmenite or plagioclase-ilmenite-orthopyroxene-olivine cumulates with a melt of ferrodioritic 
(jotunitic) composition. Its content decreases from 80 to 20 % from the margins to the central part of 
the ore body. Phase diagrams for a jotunitic parental magma reproduce the crystallization sequence at 
5 kbar. Uniform Sr isotope ratios do not support magma mixing. The cryptic layering of the ore body 
precludes injection as a crystal mush but favours in situ crystallization from an evolving magma in a 
sill-like magma chamber. The present trough-shape and mineral orientations result from deformation 
during gravity-induced subsidence and by up-doming of the anorthosite. 
 
Major and trace element XRF and in situ LA-ICP-MS analyses of ilmenite in the Tellnes 
ilmenite deposit further constrain the two-stage fractional crystallization model of a ferrodioritic Fe-
Ti-P rich melt. Stage 1 is characterized by ilmenite-plagioclase cumulates, and stage 2 by ilmenite-
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plagioclase-orthopyroxene-olivine cumulates. The concentration of V and Cr in ilmenite, corrected for 
the trapped liquid effect, (1) defines the cotectic proportion of ilmenite to be 17.5 wt.% during stage 1, 
and (2) implies an increase of IlmVD  during stage 2, most likely related to a shift in fO2. The proportion 
of 17.5 wt.% is lower than the modal proportion of ilmenite (ca. 50 wt.%) in the ore body, implying 
accumulation of ilmenite and flotation of plagioclase. The fraction of residual liquid left after 
crystallization of Tellnes cumulates is estimated at 0.6 and the flotation of plagioclase at 26 wt.% of 
the initial melt mass. The MgO content of ilmenite (1.4-4.4 wt.%) is much lower than the expected 
cumulus composition. It shows extensive postcumulus re-equilibration with trapped liquid and 
ferromagnesian silicates, correlated with distance to the host anorthosite. The Zr content of ilmenite, 
provided by in situ analyses, is low and uncorrelated with stratigraphy or Cr content. The data 
demonstrate that zircon coronas observed around ilmenite formed by subsolidus exsolution of ZrO2 
from ilmenite. The U-Pb zircon age of 920 ± 3 Ma probably records this exsolution process. 
 
The Grader layered intrusion belongs to the Havre-Saint-Pierre anorthosite in the Grenville 
Province (Quebec, Canada). This intrusion has a basin-like morphology and contains significant 
resources of Fe-Ti-P in ilmenite and apatite. Outcropping lithologies are massive oxide alternating 
with anorthosite layers, banded ilmenite-apatite-plagioclase rocks and layered oxide apatite (gabbro-) 
norites. Several drill cores provide evidence for stratigraphic variations of mineral and bulk cumulate 
compositions controlled by fractional crystallization and importantly the successive appearance of 
liquidus phases: plagioclase and ilmenite followed by apatite, then orthopyroxene together with 
magnetite, and finally clinopyroxene. This atypical sequence of crystallization results in the formation 
of plagioclase-ilmenite-apatite cumulates or “nelsonites” in plagioclase-free layers. Fine-grained 
ferrodiorites which cross-cut the coarse cumulates are shown to be in equilibrium with the noritic 
rocks. The high TiO2 and P2O5 contents of these liquids explain the early saturation of ilmenite and 
apatite before Fe-Mg silicates, which implies that nelsonites actually represent cumulates rather than 
Fe-Ti-P-rich immiscible melts. The location of the most evolved mineral and bulk cumulates 
compositions at several tens of meters below the top of the intrusion, forming a sandwich horizon, 
suggests crystallization both from the base and top of the intrusion. The concentrations of V and Cr in 
ilmenite display a single fractionation path for the different cumulus assemblages and define the 
cotectic proportion of ilmenite to 21 wt.%. This corresponds to bulk cotectic cumulates with ca. 8 
wt.% TiO2, which is significantly lower than what is commonly observed in the explored portion of 
the Grader intrusion. The proposed mechanism of ilmenite-enrichment is lateral removal of 
plagioclase due to its buoyancy in the dense ferrodiorite. This plagioclase has probably accumulated in 
other portions of the intrusion or has not been distinguished from the host anorthosite. 
 
Fe-Ti deposits in the Proterozoic Suwalki massif-type anorthosite (NE Poland), recognized 
through geophysical exploration, have been sampled in deep cores reaching 2800 m depth. Bulk 
cumulate analyses and liquidus phases composition of 70 Fe-Ti ores support their cumulate origin. 
The sequence of crystallization is: plagioclase, orthopyroxene, Ti-magnetite and ilmenite (64:36 on 
average), apatite and clinopyroxene. Fe-Ti-rich cumulates are commonly layered and display 
continuous relation with the host anorthosite. They do not represent well-defined intrusions such as the 
major Fe-Ti Tellnes and Lac Tio deposits. Fe-Ti oxides microtextures show conspicuous subsolidus 
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re-equilibration, particularly external granule exsolution of pleonaste from Ti-magnetite. The 
composition of associated fine-grained ferrodiorites reveals relatively low Ti content and similar Mg# 
compared to jotunitic rocks associated with hemo-ilmenite ores in the Rogaland Anorthosite Province. 
Geochemical characteristics of these plausible parental magmas can account for the high Ti-
magnetite/ilmenite ratio in cumulates. The diapiric emplacement of anorthositic plutons clearly 
influences the crystallization of Fe-Ti ores and is responsible for crystal sorting controlled by the 
density contrast of liquidus phases. Polybaric crystallization is evidenced by the high and variable 
Al2O3 content of orthopyroxene and by the occurrence of olivine corona around orthopyroxene 
interpreted from phases diagram to result from adiabatic decompression. The comparatively low V 
content in Ti-magnetite results from highly oxidized crystallization conditions. 
 
It thus emerges that principal controlling factors on the formation of Fe-Ti ore and on their 
characteristics are parental magma composition, sequence of crystallization, crystal sorting, 
crystallization of trapped liquid, oxygen fugacity and postcumulus re-equilibration. Indeed, fine-
grained rocks of Fe-Ti-P-rich ferrodioritic (jotunitic) composition, interpreted as parental melt 
composition, are responsible for atypical sequence of crystallization with ilmenite as an early liquidus 
mineral and apatite saturation for high fraction of residual liquid. The trace element content of 
ilmenite, particularly V and Cr, has been used to calculate cotectic proportion of ilmenite during 
fractional crystallization of ferrodiorites. These proportions are usually lower than those observed in 
Fe-Ti ores, which implies ilmenite sorting. This occurs by plagioclase flotation due to its buoyancy in 
the dense ferrodiorite. This plagioclase may have accumulated in other portions of the intrusion or has 
not been distinguished from the host anorthosite. Extensive postcumulus re-equilibration with trapped 
liquid and ferromagnesian silicates strongly modifies the primary liquidus composition of Fe-Ti 
oxides. The data also demonstrate that zircon coronas commonly observed around ilmenite in Fe-Ti 
ores formed by subsolidus exsolution of ZrO2 from ilmenite. The basin-like morphology of most Fe-Ti 
ores hosting intrusions results from the deformation during gravity-induced subsidence and by up-
doming of the anorthosite. As immiscibility of a Fe-Ti-P-rich melt and magma mixing have not been 
evidenced in the studied Fe-Ti ores, early ilmenite saturation accompanied by ilmenite sorting due to 
plagioclase buoyancy are thus the only mechanisms responsible for the formation of Fe-Ti deposits in 











La pétrogenèse des minerais magmatiques de Fe-Ti associés aux anorthosites en massif est investiguée 
par les études détaillées du gisement d’ilménite de Tellnes (Norvège méridionale), de l’intrusion 
stratiforme de Grader (Québec, Canada) et de minerais de Fe-Ti de l’anorthosite de Suwalki 
(Pologne). Un échantillonnage détaillé sur le terrain et dans des sondages révèle des différences 
pétrographiques et compositionnelles significatives à l’intérieur d’un même gisement et entre les 
minerais provenant des différents complexes anorthositiques. La composition des phases déterminée 
par XRF sur des séparations minéralogiques ou in situ par LA-ICP-MS, la composition isotopique du 
Sr du plagioclase, le contenu en éléments majeurs et en trace des roches totales ainsi que les variations 
spatiales de ces données sont utilisés pour comprendre les facteurs qui contrôlent la composition des 
minerais. Les diagrammes de phases et les données expérimentales sur les ferrobasaltes ainsi que des 
comparaisons avec l’intrusion stratiforme de Bjerkreim-Sokndal (Norvège) sont systématiquement 
utilisés pour affiner notre compréhension de la genèse des gisements de Fe-Ti. 
 
Plus de 100 échantillons provenant de sondages dans le gisement d’ilménite de Tellnes, qui 
appartient à la Province anorthositique tardi-Protérozoïque du Rogaland (930-920 Ma), révèlent des 
variations pétrographiques et compositionnelles significatives à l’intérieur du gisement. Quatre zones 
sont définies sur base des variations des proportions modales et des assemblages des minéraux 
cumulus : les Zones Centrales Inférieure et Supérieure et les Zones Marginales Inférieure et 
Supérieure. La composition des plagioclases et des roches totales discriminent ces zones et montrent 
des tendances interprétées comme le résultat d’un mélange d’un cumulat à plagioclase-ilménite ou à 
plagioclase-ilménite-orthopyroxène-olivine avec un liquide de composition ferrodioritique 
(jotunitique) dont le contenu décroît de 80 à 20 % depuis la bordure vers la partie centrale du 
gisement. Les diagrammes de phases pour un magma parent jotunitique reproduisent cette séquence de 
cristallisation à 5 kbar. L’uniformité des rapports isotopiques du Sr n’est pas en faveur d’un mélange 
de magmas. De plus, le litage cryptique du gisement ne supporte pas l’hypothèse d’une injection d’une 
boue de cristaux mais suggère une cristallisation in situ à partir d’un magma évoluant dans une 
chambre en forme de sill. La forme actuelle en auge et l’orientation des minéraux résulte en effet de la 




Les analyses des éléments majeurs et en trace par XRF et in situ par LA-ICP-MS des ilménites 
du gisement de Tellnes contraignent davantage le modèle de cristallisation fractionnée en 2 stades 
d’un magma ferrodioritique riche en Fe-Ti-P. Le stade 1 est caractérisé par des cumulats à plagioclase-
ilménite et le stade 2 par des cumulats à plagioclase-ilménite-orthopyroxène-olivine. La concentration 
en V et Cr de l’ilménite, corrigée de l’effet du liquide piégé, définit tout d’abord la proportion 
cotecticale en ilménite à 17,5 % en poids pendant le stade 1, et implique ensuite une augmentation du 
Ilm
VD  pendant le stade 2, probablement lié à un changement de fO2. La proportion de 17,5 % est 
inférieure à la proportion modale en ilménite dans le gisement (environ 50 %), ce qui implique une 
accumulation de l’ilménite et la flottation du plagioclase. La fraction de liquide résiduel après la 
cristallisation des cumulats de Tellnes est estimée à 0,6 et le plagioclase flotté à 26 % de la masse 
initiale de liquide. Le contenu en MgO de l’ilménite (1,4-4,4 %) est bien inférieur à la composition de 
l’ilménite cumulus. L’ilménite présente en effet un rééquilibrage intense postcumulus avec le liquide 
piégé et les silicates ferromagnésiens, dont l’intensité est corrélée avec la distance avec l’anorthosite 
hôte. Le contenu en Zr de l’ilménite, obtenu à partir d’analyses in situ, est faible et sans relation avec 
la stratigraphie ou le contenu en Cr de l’ilménite. Les données montrent que la couronne de zircon 
observée autour de l’ilménite se forme par exsolution subsolidus du ZrO2. L’âge U-Pb sur zircon de 
920 ± 3 Ma reflète l’enregistrement de ce processus d’exsolution. 
 
L’intrusion stratiforme de Grader appartient à l’anorthosite de Havre-Saint-Pierre dans la 
Province de Grenville (Québec, Canada). Cette intrusion a une morphologie en bassin et contient des 
ressources significatives de Fe-Ti-P dans l’ilménite et l’apatite. Les lithologies affleurantes sont des 
oxydes massifs alternant avec des lits d’anorthosite, des roches litées formées d’ilménite-apatite-
plagioclase et des (gabbro-)norites à oxydes et apatite. Plusieurs sondages mettent en évidence des 
variations stratigraphiques de la composition des minéraux et des cumulats globaux. Ces variations 
sont contrôlées par la cristallisation fractionnée et par l’apparition successive des phases au liquidus : 
plagioclase et ilménite suivis par l’apatite, l’orthopyroxène avec la magnétite et finalement le 
clinopyroxène. Cette séquence de cristallisation atypique est responsable de la formation de cumulats à 
plagioclase-ilménite-apatite ou « nelsonites » dans les lits sans plagioclase. Des ferrodiorites à grain 
fin qui recoupent les cumulats grossiers sont en équilibre avec les cumulats noritiques. Les contenus 
élevés en TiO2 et P2O5 de ces liquides expliquent la saturation précoce en ilménite et en apatite avant 
les minéraux ferromagnésiens, ce qui implique que les nelsonites représentent en réalité des cumulats 
et non des liquides immiscibles riches en Fe-Ti-P. La localisation des minéraux et des cumulats les 
plus évolués à plusieurs dizaines de mètres sous le sommet de l’intrusion, formant ainsi un horizon 
sandwich, suggère une cristallisation à partir de la base et du toit de l’intrusion. Les concentrations en 
V et Cr dans l’ilménite montrent une seule tendance de fractionnement pour les différents assemblages 
cumulus et définissent la proportion cotecticale en ilménite à 21 % en poids. Ceci correspond à des 
cumulats cotecticaux contenant environ 8 % en poids de TiO2, ce qui est largement inférieur à ce qui 
est couramment observé dans la partie explorée de l’intrusion de Grader. Le mécanisme 
d’enrichissement en ilménite proposé est un déplacement latéral de plagioclase dû à sa flottabilité dans 
la ferrodiorite dense. Ce plagioclase s’est vraisemblablement accumulé dans d’autres parties de 
l’intrusion ou n’est pas distinct de l’anorthosite hôte. 
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Des gisements de Fe-Ti dans l’anorthosite en massif protérozoïque de Suwalki (NE Pologne), 
identifiés par des explorations géophysiques, ont été échantillonnés dans des sondages atteignant 2800 
m de profondeur. Les analyses de roches totales et la composition des phases liquidus de 70 
échantillons de minerai démontrent leur nature de cumulat. La séquence de cristallisation est : 
plagioclase, orthopyroxène, Ti-magnétite et ilménite (dans des proportions 64/36 en moyenne), apatite 
et clinopyroxène. Les cumulats riches en Fe-Ti sont communément lités et montrent des relations 
continues avec l’anorthosite hôte. Ils ne représentent pas des intrusions bien individualisées comme les 
principaux gisements de Fe-Ti que sont Tellnes et le Lac Tio. Les microtextures des oxydes de Fe-Ti 
montrent des rééquilibrages subsolidus évidents, particulièrement des exsolutions de pléonaste en 
granules externes provenant des Ti-magnétites. La composition de ferrodiorites à grain fin associées 
révèlent un content en Ti relativement plus faible et un Mg# similaire aux liquides jotunitiques 
associés aux minerais d’hémo-ilménite de la Province anorthositique du Rogaland. Les 
caractéristiques géochimiques de ces magmas parents potentiels expliquent donc le rapport élevé Ti-
magnétite/ilménite dans ces cumulats. La mise en place diapirique du pluton anorthositique influence 
clairement la cristallisation des minerais de Fe-Ti et est responsable du tri des minéraux contrôlé par le 
contraste de densité entre les phases liquidus. La cristallisation polybarique est mise en évidence par le 
contenu élevé et variable en Al2O3 dans l’orthopyroxène et par l’occurrence d’une couronne d’olivine 
autour de l’orthopyroxène. Ce phénomène est interprété à partir des diagrammes de phases comme 
résultant d’une décompression adiabatique. Le contenu relativement faible en V de la Ti-magnétite 
résulte des conditions de cristallisation très oxydantes. 
 
Il émerge donc de l’étude de ces trois localités que les principaux facteurs contrôlant la 
formation des minerais de Fe-Ti et leurs caractéristiques sont la composition du magma parent, la 
séquence de cristallisation, le tri des minéraux, la cristallisation de liquide piégé, la fugacité en 
oxygène et le rééquilibrage postcumulus. En effet, des roches à grain fin de composition 
ferrodioritique (jotunitique) riches en Fe-Ti-P, interprétées comme étant les magmas parents, sont 
responsables de séquences de cristallisation atypiques avec l’ilménite comme phase liquidus précoce 
et la saturation en apatite à un contenu élevé de liquide résiduel. Le contenu en éléments en trace dans 
l’ilménite, particulièrement V et Cr, a été utilisé pour calculer la proportion cotecticale en ilménite 
pendant la cristallisation fractionnée des ferrodiorites. Ces proportions sont habituellement inférieures 
à celles observées dans les minerais de Fe-Ti, ce qui implique un tri de l’ilménite. Ceci se produit par 
flottation du plagioclase dans la ferrodiorite dense. Ce plagioclase s’est accumulé dans d’autres parties 
de l’intrusion ou n’a pas été distingué de l’anorthosite encaissante. Le rôle du rééquilibrage 
postcumulus avec le liquide piégé et les silicates ferromagnésiens modifie profondément la 
composition au liquidus des oxydes de Fe-Ti. Les données démontrent aussi que les couronnes de 
zircon souvent observées autour de l’ilménite se forment par exsolution subsolidus de ZrO2. La 
morphologie en bassin de la plupart des intrusions contenant des minerais de Fe-Ti résulte de la 
déformation par subsidence induite par la gravité et par la remontée en dôme des anorthosites. 
L’immiscibilité d’un liquide riche en Fe-Ti-P et le mélange de magmas n’ont jamais été mis en 
évidence dans les gisements de Fe-Ti étudiés. La saturation précoce en ilménite accompagnée par le tri 
de l’ilménite dû à la flottabilité du plagioclase sont donc bien les seuls mécanismes responsables de la 
formation des gisements de Fe-Ti dans les anorthosites protérozoïques en massif. 
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Ilmenite and rutile are the main source of titanium representing respectively 90% and 10% as TiO2. 
Hard-rock deposits associated with Proterozoic anorthosites provide 30% of ilmenite while the 
remaining 70% and the whole rutile are from placers1. The major use of titanium is as TiO2 pigment in 
paints, paper and plastics for its whiteness. Titanium metal represents only a minor part for 
technologic applications due to its high strength/weight ratio and its resistance to corrosion. Two 
methods are used to produce TiO2 pigment: the chloride and the sulfate processes. The chloride 
process imposes severe restrictions on ore composition and Ti raw materials, as they must have low 
MgO and Cr contents. It thus requires high-Ti ore such as rutile or leucoxene from sand. Ilmenite from 
hard rock is still used in the sulfate process. It can however be upgraded to titanium slag to be used in 
the chloride process, with similar constraints for polluting elements. World’s reserves for Ti ores are 
huge. However, because of environmental restrictions, the Ti industry is now prospecting for high 
quality ilmenite (i.e. poor in Mg and Cr) that can be processed by the chloride process, which is far 
less polluting than the sulfate process. 
 
Mining companies presently attempt to develop efficient prospecting methods for Fe-Ti 
deposits which require detailed knowledge of ore-forming processes. This does not only concern the 
exploration for new ores but also for the extension of the two deposits presently mined: the Tellnes 
(SW Norway) and the Lac Tio (Quebec) deposits, both associated with Proterozoic massif-type 
anorthosites. Another objective is to understand compositional variations that are well depicted within 
these ore bodies thanks to extensive database. This is essential to plan ore mixing from different zones 
in order to obtain ilmenite concentrates with a constant composition. 
 
In this context, a field workshop on “Ilmenite deposits in the Rogaland anorthosite province, 
S. Norway”, a subproject under the GEODE (Geodynamics and Ore Deposits Evolution) project of the 
European Science Foundation “The Fennoscandian Shield Precambrian Province” was organized in 
Moi (Norway) in 2001. This meeting gathered ca. 60 participants from both academic and industrial 
                                                     




background. Based on the presentations (Duchesne and Korneliussen, 2003)2 and discussions during 
the meeting and some contacts afterwards, the following subjects of particular interest for further 
research emerged 3: 
• Comparison of Proterozoic Fe-Ti provinces in Europe (Fennoscandian Shield, Ukrainian 
Shield, East European Craton) and North America. Particular attention should be paid to 
location relative to continental margins and major tectonic boundaries, age relationships, 
metamorphism, oxide mineral chemistry and economic significance. 
• The tracking of magma evolution through silicate and oxide mineral variations should be 
continued, with a more thorough focus on the oxides themselves. Such work should be 
continued in the Bjerkreim-Sokndal layered intrusion, both as a genetic guide and as a 
possible means to locate economic apatite-ilmenite-vanadiferous magnetite ores. Detailed 
studies should be carried out of the cryptic variation in the Tellnes and Storgangen ore 
bodies, as well as in other layered ilmenite deposits. 
• Detailed modal studies and careful textural examination of the effects of mineral re-
equilibration should be used to try to distinguish between primary precipitate minerals, 
minerals grown from interprecipitate liquids and subsolidus effects leading to grain 
coarsening, as well as to distinguish between dykes completely foreign to their surroundings 
and layers of oxide-rich cumulates that are an integral part of their setting. The significance 
of subsolidus equilibration for the minor- and trace element composition of ilmenite should be 
further investigated. 
• Trace element, and isotopic analyses of minerals and rocks should be continued in order to 
delineate magmatic consanguinity and the ultimate origin of the parental magmas. This 
should be combined with further experimental studies, for example on the role of Ti during 
partial melting of possible source rocks and the conditions necessary for the generation of 
relatively oxidised magma types. 
• Further research is needed into the physical and chemical processes that lead to the extreme 
concentration of Fe-Ti oxides represented by ore bodies. The significance of liquid 
immiscibility, crystal sorting by various means, mixing of disparate magmas and country-rock 
assimilation need to be investigated by detailed petrological studies of suitable cases as well 
as experimental investigations of particular ores. 
• Zircon geochronology should take advantage of favourable occurrences both for precise 
dating of magmatic events and for constraining country-rock assimilation. Continued 
refinement of the zircon, monazite and molybdenite geochronology and thermal models for 
contact aureoles should provide a better understanding of the timing and duration of various 
processes, including ore formation. 
• Understanding of rock magnetism in relation to mineral compositions, magma evolution, and 
thermal models should be increased, and used as a tool for magnetic exploration for 
additional deposits both in South Norway and elsewhere. Particular emphasis should given to 
                                                     
2 Duchesne, J.-C., Korneliussen, A. (Editors), 2003. Ilmenite deposits and their geological environment. Norges 
Geologiske Undersøkelse Special Publication 9, 134 pp. 
3 Extract from the report on “Field workshop in the Rogaland Anorthosite Province 8-12 July 2001” by A. 
Korneliussen, J.-C. Duchesne, G. Meyer, P. Robinson, B. Robins and H. Schiellerup. 
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explaining why the pronounced negative magnetic anomalies over pure ilmenite rocks are 
often much weaker than over norites with only 2-3% ilmenite. The answer to this question 
could have implications for magnetism on Mars and other planetary bodies in the solar 
system. 
 
These guidelines inspired this Thesis subject on “Petrogenesis of magmatic iron-titanium 
deposits associated with Proterozoic massif-type anorthosites”. The project initially emerged from a 
close collaboration between J.-C. Duchesne and the mining company Titania A/S, owner of the Tellnes 
ilmenite deposit (SW Norway). Preliminary results on Tellnes and expertises for QIT-Fer et Titane 
inc., a branch of Rio Tinto, end up in the study of a recently discovered Fe-Ti-P potential: the Grader 
layered intrusion (Quebec, Canada). A third project was then developed on Fe-Ti ores from the 
Suwalki anorthosite (NE Poland). A comprehensive understanding of the genesis of Fe-Ti deposits 
also benefited from the study of the Fedorivka layered intrusion (Korosten pluton, Ukraine; Duchesne 
et al., 2006) and work in progress on the Lac Tio deposit (Quebec)4. 
 
These Fe-Ti deposits display particular characteristics concerning ore composition and grade, 
associated minerals and deposit morphology. Their detailed study thus permits to have a large 
overview on Fe-Ti ore-forming processes and controlling factors on ore composition. The objectives 
are thus to understand the genesis of each Fe-Ti occurrences and to extract general implications for the 
formation of Fe-Ti ores associated with Proterozoic anorthosites. Before developing detailed 
investigations of the selected deposits, an overview of Fe-Ti deposits associated with Proterozoic 
anorthosite is presented. It also includes a synthesis of new ideas on the genesis of Fe-Ti deposits that 
are detailed in the next chapters. 
 
                                                     
4 Project on “Genesis of the Lac Tio ilmenite deposit (Canada): geochemical and structural approaches” by B. 
Charlier and O. Bolle. 
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Iron-titanium deposits are commonly associated with Proterozoic massif-type anorthosites and related 
rocks (Ashwal, 1993). Presently, two major world-class deposits are being mined: the Lac Tio mine 
situated in the Havre-Saint-Pierre anorthosite of the Grenville Province (Canada) and the Tellnes 
ilmenite deposit which is part of the Rogaland Anorthosite Province (Norway). A distinction between 
andesine anorthosites (An23-48), typified by the Grenville and the Rogaland provinces and labradorite 
anorthosites (An45-63; e.g. the Nain complex; Emslie et al., 1994) was proposed by Anderson and 
Morin (1968). According to the experimental works of Longhi et al. (1999) and Longhi (2005), these 
two groups are related to different trends among the anorthosite parental magma that cannot be related 
by a fractional crystallization process: andesine anorthosite have higher concentrations of TiO2, K2O 
and P2O5 and lower Mg# while labradorite anorthosite have lower concentrations of these three 
elements and higher Mg#. Most important Fe-Ti ores are obviously associated with andesine 
anorthosite (Anderson and Morin, 1968). 
 
The igneous origin of Fe-Ti deposits in unanimously accepted but magmatic processes 
responsible for these oxides concentrations are still debated. Two major processes are commonly 
invoked: segregation of an immiscible Fe-Ti-(P)-rich magma and fractional crystallization with oxides 
settling. Ti minerals encountered in these deposits are mainly members of the two solid solutions 
series: the hematite-ilmenite series (Fe2O3-FeTiO3) and the magnetite-ulvöspinel series (Fe3O4-
Fe2TiO4). Rutile is rare. Since Buddington and Lindsley (1964) experimental studies have clearly 
shown that the primary composition of coexisting phases depends on temperature and oxygen 
fugacity. Other factors such as the TiO2 content of parental melts may be responsible for the relative 
stability fields of (hemo-) ilmenite and (Ti-) magnetite (Toplis and Carroll, 1995). This is critical for 
mining geologists since Ti in magnetite is presently valueless. Controlling factors on the grade of the 
ore, the mineralogy and the composition of associated minerals, the distribution of some major and 
trace elements in oxides are, however, still poorly documented. The chemistry of magnetite-ulvöspinel 
and hematite-ilmenite series is complicated by various subsolidus processes, mainly exsolutions and 
oxidation which can drastically modify the primary composition of liquidus phases. The distribution of 
some polluting elements, particularly Cr and Mg, is crucial for the economic point of view because of 
the new industrial ilmenite processing. The morphology of magmatic Fe-Ti oxides-bearing 
occurrences is also highly variable. Dykes, layered intrusions and massive ores are the most common. 
 
Significant resources for Fe-Ti oxides ± apatite may also occur in gabbroic layered intrusions 
unrelated to AMCG suites. Examples are vanadiferous Ti-magnetite ± apatite layers in the Upper Zone 
of the Bushveld Complex (McCarthy and Cawthorn, 1983; Klemm et al., 1985; Reynolds, 1985; 
Tegner et al., 2006). The Panzhihua (Zhou et al., 2005), the Sept Iles (Higgins, 2005) and the Duluth 
(Lister, 1966; Miller and Ripley, 1996) layered intrusions also contain significant resources for Fe-Ti-
P-V ores. Other examples are ilmenite and vanadiferous Ti-magnetite ores from the Rooiwater 
intrusion (South Africa; Reynolds, 1986) and the apatite-ilmenite-magnetite-rich rocks from the 
Kauhajärvi intrusion (Kärkkäinen and Appelqvist, 1999). 
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Reviews of various Fe-Ti±P-rich rocks in several anorthosite provinces that we have 
particularly studied are presented. Particular attention is given to their relation with their host rocks, 
commonly anorthosite plutons or layered intrusion. Controlling factors on liquidus composition and 
postcumulus evolution of oxides are discussed. This synthesis enable us to propose exploration 
perspectives and realistic targets for new Fe-Ti±P deposits. 
 
 
2. Massif-type anorthosites and related rocks 
 
2.1. Spatial and temporal distribution 
 
Massif-type anorthosite plutons and associated mangerite, charnockite and (rapakivi-) granite (AMCG 
suite; Emslie, 1978) occur in various terranes but are strictly restricted to the Proterozoic (Figure I-1; 
Ashwal, 1993). The Mesoproterozoic Grenville Province of North America is the most important in 
volume. Two different pulses of AMCG-type magmatism have been dated around 1160-1140 Ma and 
1080-1050 Ma (Higgins and van Breemen, 1996; Corrigan and van Breemen, 1997). The Province 
contains many anorthosite plutons and among them, the composite Havre-Saint-Pierre anorthosite in 
which the Lac Tio deposit (Lister, 1966) and the Grader layered intrusion (Charlier et al., submitted-b) 
are intruded. The Rogaland Anorthosite Province, exposed in SW Norway, is intruded in the 
Sveconorwegian orogenic belt of the Baltic shield, which is correlated with the Grenvillian belt of 
Laurentia (Rivers et al., 1989; Romer, 1996; Rivers and Corrigan, 2000). Anorthosite plutons are 
dated around 930 Ma (Schärer et al., 1996). The Tellnes ilmenite deposit (Krause et al., 1985; Charlier 
et al., 2006) is situated in the centre of the Åna-Sira body. 
 
The East European Craton contains two major AMCG suites: the Mazury complex, and the 
Korosten Pluton. The first one, situated in northeastern Poland, is covered by a thick sequence of 
sedimentary rocks and is only known through drill-cores studies. It is a 200 km E-W trending complex 
with two large anorthosite plutons (Wiszniewska et al., 2002; Skridlaite et al., 2003). Fe-Ti deposits in 
the Suwalki anorthosite, dominated by Ti-magnetite (Charlier et al., submitted-a), are dated ca. 1560 
Ma (Re-Os ages; Morgan et al., 2000). The Korosten Pluton occupies about 12500 km² of the north-
western part of the Ukrainian shield. It contains three massif-type anorthosites and associated rocks 
which were emplaced between 1800-1740 Ma (see the review of Bogdanova et al., 2004). It is actually 
the oldest Proterozoic anorthosite complex. In this province, the Fedorivka layered intrusion contains a 
significant potential for Fe-Ti ores (Duchesne et al., 2006). 
 
The Laramie anorthosite complex (SE Wyoming) dated at 1.43 Ga (Scoates and Chamberlain, 
2003) is closely associated with the Horse Creek anorthosite complex (1.78 Ga; Scoates and 
Chamberlain, 1997). Several Fe-Ti ores among which Iron Moutain, the Sybille pit and Strong Creek 
have been described (Frost and Simons, 1991). The AMCG suite of the Adirondack Montains (New 
York), emplaced between 1200-1160 Ma (Hamilton et al., 2004), is known for the Sanford Hill 
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deposit (Gross, 1968). This anorthosite complex also contains oxide-apatite gabbronorites (McLelland 
et al., 1994). 
 
 
Figure I-1. Location of some anorthosite provinces with proved or potential resources for Fe-Ti and associated 
Cu-Ni ores (equidistant cylindrical projection). 
 
 
Many others anorthosite complexes are described in the literature. However, no significant Fe-
Ti resources have been studied or discovered. The Lofoten-Vesterålen AMCG suite in northern 
Norway (Griffin et al., 1978; Markl et al., 1998; Markl and Frost, 1999) was emplaced ca. 1.8 Ga 
(Corfu, 2004) into Early Proterozoic supracrustals and Archaean gneisses. Massive and disseminated 
Fe-Ti showings occur in gabbros and anorthosites. A minor Fe-Ti potential is the layered Selvåg 
gabbroic intrusion (Priesemann and Krause, 1985). Massif-type anorthosites also outcrop in southwest 
Madagascar (Ashwal et al., 1998) and India which were both part of East Gondwana. The Eastern 
Ghats Belt of India hosts four massif-type anorthosite complexes (Sarkar et al., 1981; Krause et al., 
2001; Bhattacharya et al., 1998; Dobmeier and Simmat, 2002). Other massifs are also described in 
south India (Janardhan and Wiebe, 1985). No ore bodies have been discovered up to now. The Kunene 
Complex of SW Angola and NW Namibia covers 15000 km² and is probably constituted by several 
individual plutons (Ashwal and Twist, 1994). U-Pb age on zircon in a mangerite gives 1371 ± 2.5 Ma 
(Mayer et al., 2004). These last authors mentioned the occurrences of small massive Fe-Ti ore bodies. 
Anorthosites from the northern Oaxacan Complex (S Mexico) dated ca. 1012 Ma (Keppie et al., 2003) 
are correlated with Grenvillian AMCG suite. 
 
Particular rocks possibly related to AMCG suites are the Koperberg Suite, South Africa 
(Conradie and Schoch, 1986; Lombaard et al., 1986; Gibson et al., 1996; Clifford et al., 2004; 
Duchesne et al., 2007) and the Caraiba complex, Brazil (Oliveira and Tarney, 1995; Maier and Barnes, 
1996; Maier and Barnes, 1999). These two localities are famous for cupriferous deposits associated 
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with anorthosites. Magnetite-hypersthene ores have been described but Ti-resources are absent. The 
Nain Plutonic Suite of Labrador, Canada (Emslie, 1978; Emslie et al., 1994; Ryan, 2000) has no Fe-Ti 
deposit but host the giant Ni-Cu-Co deposit of the Voisey’s Bay intrusion (e.g. Li et al., 2000). 
 
 
2.2. Crystallization conditions of anorthosites 
 
Classical views on the emplacement of massif-type anorthosites consider that they crystallized in two 
stages (Emslie, 1985; Ashwal, 1993; Duchesne et al., 1999). The first one involves the accumulation 
of plagioclase at the top of deep-seated magma chambers (Kushiro and Fujii, 1977; Kushiro, 1980) 
which is followed by the intrusion of buoyant plagioclase mush towards mid-crustal level. The 
uprising of the plagioclase crystal mush from the upper part of the deep magma chamber results from 
gravitational instability due to its lower density. Even if the emplacement of anorthositic massif by 
simple vertical diapirism was successfully modelled (Longhi and Ashwal, 1985; Barnichon et al., 
1999), the uprising was probably favoured by zones of weakness (Corrigan and Hanmer, 1997; 
Scoates and Chamberlain, 1997; Duchesne et al., 1999; Ryan, 2000; Bogdanova et al., 2004). 
 
The polybaric crystallization of anorthosites is essentially deduced from the occurrence of 
high-alumina orthopyroxene megacrysts (HAOM) containing plagioclase exsolutions (Emslie, 1975). 
Experiments on the stability of HAOM reveal they are stable for pressures in the 11-13 kbar range 
(Fram and Longhi, 1992; Longhi et al., 1993). Final pressure of emplacement estimated from mineral 
assemblages in the contact metamorphic aureoles (Berg, 1977; Jansen et al., 1985) ranges from 3-6 
kbar. 
 
Deformation features in anorthosites and the ubiquitous dynamic recrystallization of 
plagioclase (primary crystals are replaced by smaller recrystallized grains; e.g. Lafrance et al., 1996) 
are syn-emplacement features and can be accounted for by anorthosite diapirism (Martignole and 
Schrijver, 1970; Barnichon et al., 1999) and gravity instabilities responsible for the sagging of dense 
Fe-rich rocks in host anorthosite (Bolle et al., 2000; Bolle et al., 2002). 
 
 
2.3. The source for parental magmas: mantle vs. lower crust 
 
The composition of parental magmas to massif-type anorthosite ranges from high-Al basalt to jotunite 
(hypersthene-bearing monzodiorite) (Emslie, 1980; Fram and Longhi, 1992; Vander Auwera et al., 
1998b). The major contention on the anorthosite petrogenesis is whether parental magmas are 
produced by melting the mantle in an anorogenic environment (Figure I-2A; Ashwal, 1993) or by 
melting a mafic lower crust in a post-collisional regime (Figure I-2B; Duchesne et al., 1999). Rb-Sr 
and Sm-Nd isotopic studies (e.g. Taylor et al., 1984; Emslie et al., 1994; Scoates and Frost, 1996) have 
not been able to elucidate unambiguously the origin of parental magmas to anorthosite because they 
are not efficient in distinguishing a mantle-derived magma with crustal contamination from a mafic 
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lower crust with short crustal residence time. Re-Os isotopic studies on sulphides minerals in the 
Suwalki anorthosite (Morgan et al., 2000) and in the Rogaland Anorthosite Province (Schiellerup et 
al., 2000) have evidenced high initial 187Os/188Os which requires a crustal source. However, these 
interpretations have been questioned by Hannah and Stein (2002) who have modelled similar high 
initial 187Os/188Os by direct assimilation of crustal sulphide by a mantle-derived magma. Further 







Figure I- 2. Models of massif-type anorthosite genesis. (A) Anorogenic two-stage model of Ashwal (1993). 
Mantle-derived mafic melts are ponded at the crust-mantle boundary, where mafic silicates crystallize and sink. 
Residual melts become enriched in Al and Fe/Mg. Plagioclase is buoyant in these dense melts, producing 
anorthositic cumulates at the top of the magma chamber. The plagioclase-rich mush is gravitationally unstable, 
rises through the crust, and coalesces as plutons in the upper crust. Heat from crystallizing mantle-derived 
magma causes crustal anatexis to form granitoid magma. (B) Post-collisional crustal tongue melting model of 
Duchesne et al. (1999). Collision stacking of terranes produces underthrust lower crust tongues; granitic liquids 
produced by anatexis of mid-crustal material intruded at higher levels along the terrane boundaries; due to linear 
delamination along the zone of weakness, the rise in temperature melts a tongue of suitable composition some 
ten Ma later, and a deep-seated magma chamber develops in which plagioclase floats to accumulate at the roof; a 
mafic cumulate sinks; anorthosite diapirs rise through the crust, channelled by the zone of weakness, and 
coalesce higher at mid-crust level to constitute a province of anorthosite massifs; granitic melts are also 
produced and follow the same path; the mafic cumulate, left behind, becomes indistinguishable from the mantle; 
a Moho offset in the only scar of the former magma chamber. CLM = continental lithospheric mantle. 
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Experimental constraints on liquidus equilibria (Longhi et al., 1999) have shown the existence 
of a thermal divide on the plagioclase + pyroxene liquidus surface which implies that parental magma 
to anorthosite cannot be mantle-derived and crustal contaminated but should result from the melting of 
a mafic lower crust. Moreover, calculations of fractional crystallization and assimilation fractional 
crystallization by Longhi (2005) have shown that it is not possible to produce a high-Al liquid by 
melting typical mantle peridotites or even anomalous Fe- and Al-enriched mantle (Olsen and Morse, 
1990; Scoates and Lindsley, 2000) that has sufficient TiO2 to make andesine-type anorthosite. The 
alternative proposed by Longhi et al. (1999) involves partial melting of a mafic lower crust, more 
suitable for producing TiO2-rich magmas. Evolved mafic rocks with ilmenite and apatite are 
particularly appropriate to produce the composition of the parental magma to the Rogaland 
Anorthosite Province.  
 
 
2.4. Related rocks: comagmatic or simply coeval with massif-type 
anorthosites? 
 
Massif-type andesine anorthosites are commonly associated with rocks of intermediate composition. 
They are referred to as ferrodiorite (Emslie, 1985; Mitchell et al., 1996), monzonorite (Duchesne et al., 
1974; Duchesne et al., 1985b) and jotunite (Owens et al., 1993; Vander Auwera et al., 1998b) and are 
significantly Fe-Ti-P-enriched. They occur as fine-grained rocks in dyke, marginal units to anorthosite 
plutons and layered intrusions (e.g. Bjerkreim-Sokndal; Duchesne and Hertogen, 1988) or as 
cumulates in (layered) intrusions. These rocks can be associated with more felsic composition: 
mangerite (hypersthene monzonite), quartz mangerite (hypersthene quartz monzonite) and charnockite 
(hypersthene granite). 
 
Two different major hypotheses are invoked for the origin of these rocks: (1) they are residual 
liquids after the crystallization of anorthosite (Emslie, 1978; Morse, 1982; Emslie et al., 1994; 
Mitchell et al., 1996; Scoates et al., 1996); (2) they are the direct product of partial melting of a lower 
gabbronoritic crust and are parental magmas to andesine anorthosites (Longhi et al., 1999). Actually, 
these two hypotheses are not exclusive (Vander Auwera et al., 1998b). Most authors agree that these 
rocks represent intermediate compositions in the comagmatic sequence from anorthosite to mangerite 
and even to granitoids. Experimental studies (Vander Auwera et al., 1998b) have shown that evolved 
monzonitic and mangeritic rocks may be produced by closed-system fractional crystallization from 
jotunitic-ferrodioritic magmas. Scoates and Lindsley (2000) suggest an important role of polybaric 
fractional crystallization in producing compositional diversity in Proterozoic anorthosite plutonic 
suites. The comagmatic origin of jotunitic to charnockitic melts is also evidenced in the Tellnes dyke 
which is made up by this continuous series of compositions, modelled by closed-system fractional 
crystallization (Wilmart et al., 1989). Most recent studies thus agree with the comagmatism of 
anorthosite plutons and associated intermediate to evolved rocks. 
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3. Types of iron-titanium ores: a mineralogical 
classification 
 
3.1. (Gabbro-)noritic ilmenite ore ± apatite ± magnetite 
 
These types of ores are presently the only ones exploited for Ti-resources in hard rocks. They include 
the Tellnes deposit and the Tio Mine. The ore is dominated by ilmenite containing variable amount of 
hematite exsolutions. Accompanying phases are plagioclase, ±orthopyroxene, ±olivine, 
±clinopyroxene, ±magnetite, ±apatite. Other localities with potential economic value occur in the 
Rogaland anorthosite province: Storgangen, Bøstølen, and Blåfjell (Krause and Zeino-Mahmalat, 
1970; Krause et al., 1985; Krause and Pape, 1977; Duchesne, 1999; Schiellerup et al., 2003). 
Combined with P-resources, the upper part of MCU III of the Bjerkreim-Sokndal layered intrusion 
(Wilson et al., 1996) and the Grader layered intrusion (Charlier et al., submitted-b) might be of 
interest. 
 
In layered intrusions, the well-defined stratigraphy permits to determine the order of 
appearance of liquidus phases with differentiation. A comparison is proposed in Figure I-3 between 
the Grader layered intrusion (Havre-Saint-Pierre anorthosite; Charlier et al., submitted-b), two 
macrocyclic units of the Bjerkreim-Sokndal layered intrusion (Wilson et al., 1996). Plagioclase is an 
ubiquitous liquidus phase. The particularity is the early appearance of liquidus ilmenite, which always 
precedes the appearance of liquidus magnetite. It is variably accompanied by olivine, hypersthene, 
clinopyroxene and apatite. The various sequences of crystallization produce ore types with different 
mineralogy inside and among layered intrusions. 
 
 
3.2. Ti-magnetite dominated ore 
 
The distinction of this ore type is necessary for the economic perspective because Ti from Ti-
magnetite cannot be presently recovered. However, such ore may contain significant resource for V in 
magnetite and combined with Ti from ilmenite and P from apatite, the economic potential has to be 
evaluated. Examples of such ore are present in the Suwalki anorthosite (NE Poland), the Fedorivka 
layered intrusion (Figure I-3; Duchesne et al., 2006) and in the Transition zone of the Bjerkreim-
Sokndal layered intrusion (Duchesne et al., 1987). Even if not associated with massif-type anorthosite, 
it is noticeable that the Panzhihua layered intrusion (SW China; Zhou et al., 2005) display high 
similarities with this type of ore. 
 




Figure I-3. Comparative stratigraphy of crystallization sequences in the Grader layered intrusion (Charlier et al., 
submitted-b), the Bjerkreim-Sokndal layered intrusion (BKSK; Wilson et al., 1996) and the Fedorivka layered 
intrusion (Duchesne et al., 2006). Mineral abbreviations: p = plagioclase; h = orthopyroxene; h' = inverted 
pigeonite; o = olivine; i = ilmenite; m = magnetite; a = apatite; c = clinopyroxene; -C = cumulus. Cumulate 





Nelsonites are Fe-Ti oxides-apatite rocks. This term was initially introduced by Watson and Taber 
(1910) for rutile-apatite and (hemo-)ilmenite-(Ti-)magnetite-apatite rocks. Contrarily to oxide-apatite 
gabbronorites (OAGN; Owens and Dymek, 1992) these rocks are devoid of silicates. Modal 
proportions in nelsonites are often close to one third apatite, two thirds oxide (Philpotts, 1967). 
 
 
3.4. Rutile-ilmenite ore 
 
Two localities associated with massif-type anorthosite are presently known for their rutile-ilmenite 
association: several occurrences in the Saint-Urbain anorthosite (Warren, 1912) and the Big Island ore 
deposit of the Havre Saint-Pierre anorthosite (Morisset et al., 2003). This type of ore may also displays 
an unusual association with sapphirine (Dymek, 1984), which has close relationship with pleonaste 
(Morisset et al., 2003). 
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Experiments by Lattard et al. (2005) have shown that the equilibrium ilmenite-rutile may 
coexist at < 1100°C equilibrated on the wustite-magnetite buffer. However, under these reducing 
conditions, the composition of ilmenite does not contain significant amount of hematite as observed in 
these deposits (Morisset et al., 2003). Further studies on these deposits are presently in progress 
(Morisset, in preparation). 
 
 
4. Ore-forming processes 
 
4.1. Fractional crystallization, crystal sorting and plagioclase 
buoyancy 
 
Parental magmas to andesine anorthosite and their residual liquids are Ti-rich, with values commonly 
higher than 4 wt.% (e.g. Mitchell et al., 1996; Vander Auwera et al., 1998b). This may drive to early 
ilmenite saturation, as shown by Toplis and Carroll (1995) who have suggested that crystallization of 
ilmenite as the first oxide is controlled by the TiO2 content of the melt. In the Bjerkreim-Sokndal 
layered intrusion, the sequence of crystallization in early cumulates of the Layered Series (Duchesne, 
1972; Wilson et al., 1996) is usually: plagioclase, ilmenite, (or plagioclase + olivine + ilmenite + 
magnetite), orthopyroxene, magnetite, clinopyroxene together with apatite. Ilmenite is thus a liquidus 
phase before ferromagnesian silicates. In the Tellnes deposit (Charlier et al., 2006), the Grader layered 
intrusion (Charlier et al., submitted-b) and also probably in the Lac Tio mine, plagioclase and ilmenite 
are also the first liquidus phases. In more differentiated cumulates, ilmenite and plagioclase may be 
accompanied by olivine, orthopyroxene, clinopyroxene and apatite. Parageneses and the order of 
appearance of these minerals are highly variable. 
 
Another particularity of melts associated with andesine anorthosite is their high FeOtot content 
which has a significant influence on the melt density. Several studies have evidenced the “plagioclase-
magma density paradox” (Morse, 1973; Campbell et al., 1978; Scoates, 2000), i.e. that intermediate-
composition plagioclase (An40-60) is less dense than the melt with which it is in equilibrium. This 
property is responsible for the accumulation of plagioclase at the top of a deep-seated magma chamber 
(Emslie, 1980; Ashwal, 1993). It has also an important role on the crystallization of associated rocks at 
the final pressure of emplacement (Vander Auwera et al., 2006). In plagioclase-oxides saturated melt, 
the flotation of plagioclase may drive to the relative enrichment of Fe-Ti oxides which sink and 
accumulate due to their density (ρilmenite = 4.7, ρmagnetite = 5.2). This results in cumulate sorting and the 









The role of immiscibility as a differentiation mechanism is demonstrated in various magmatic systems. 
It is commonly proposed for generating carbonatites from a carbonated silicate melts (e.g. Kjarsgaard 
and Hamilton, 1988; Halama et al., 2005). In basaltic systems, highly differentiated melts with high 
iron-enrichment may separate into a silicic and a mafic melt (Figure I-4; Philpotts, 1976; Roedder, 
1978; Philpotts, 1982; Naslund, 1983; Bogaerts and Schmidt, 2006). In plutonic environments, 
immiscibility has been described in the most evolved rocks of the Skaergaard intrusion (McBirney and 
Nakamura, 1974; McBirney, 1975; Jakobsen et al., 2005) where melanogranophyre and ferrodiorite of 




Figure I-4. Immiscibility fields in the KAlSi3O8-CaSiO3-Fe2SiO4-SiO2 tetrahedron. (A) Crystallization curve and 
immiscibility fields in the system leucite-fayalite-SiO2 (from Roedder, 1951, 1978; Visser and Koster van Gross, 
1979; after Bogaerts and Schmidt, 2006). (B) The plane Hd’-Fe2SiO4-K56S44 (56 wt.% KAlSi3O8 and 44 wt.% 
SiO2) with immiscibility fields at 1 atm (Hoover and Irvine, 1978) and at 4 kbar with ca. 2 wt.% P2O5 (Bogaerts 
and Schmidt, 2006). Cr cristobalite, Lc leucite, Fa fayalite, FK K-feldspar, Tr tridymite, Fs ferrosilite, Fb 
ferrobustamite. 
 
While CaO and MgO in liquid suppress immiscibility, P2O5 and TiO2 expand the immiscibility 
field (Watson, 1976; Visser and Koster van Groos, 1979; Bogaerts and Schmidt, 2006). This supports 
the proposition of Philpotts (1967) that an immiscibility process is responsible for the origin of certain 
Fe-Ti oxide and apatite rocks. Kolker (1982) also favoured this model for the origin of nelsonites, 
mainly to explain field evidences such as discordant veins and dykes intruding the host anorthosite. 
However, data presented by Philpotts (1967) for the immiscibility of a Fe-Ti-P-rich melt were 
obtained at the unrealistically temperature of 1420°C. Lindsley (2003) explains that he has never been 
able to generate Fe-Ti oxide liquids experimentally. He even concluded that experiments suggest that 
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the oxide bodies crystallize from Fe-Ti-P-rich silicate melts and are emplaced either as a crystal mush 
or in the solid state. Moreover, the nearly constant proportions 2/3 oxides, 1/3 apatite has no 
implications for an origin by immiscibility, as proposed by Philpotts (1967) and Kolker (1982). They 
could simply reflect cotectical proportions of Fe-Ti oxides-apatite crystallizing from a silicate melt 
that have not been sorted during the concentration process. 
 
If the immiscibility hypotheses for the origin of nelsonites deserve discussions and possibly 
further experiments, the formation of ilmenite ore, such as Jerneld (Duchesne, 1999) and Lac Tio 
(Lister, 1966), by immiscibility cannot be considered. Indeed, immiscibility do not produce a single 
phase rock and a liquid of ilmenite composition would melt at 1360°. It thus requires unrealistically 
high temperature in crustal conditions. However, immiscibility in the late evolution of tholeiitic basalt 
which drives to the formation of a Fe-Ti-P-rich melt might be responsible for the formation of 
ilmenite-magnetite-apatite-rich rocks associated with plagioclase and low Mg# ferromagnesian 
silicates (olivine, clinopyroxene). Such ore could occur in evolved rock of intrusion with (ferro-) 
basaltic parental magma, e.g. in the Sept Iles layered intrusion. 
 
Consequently, alternative models must be considered. Duchesne (1999) and Dymek and 
Owens (2001) proposed that nelsonites represent cumulates. The absence of ferromagnesian silicates, 
or at least their low abundance, could result from the earlier saturation of apatite. Liquidus phases 
would thus be plagioclase, ilmenite, ± magnetite, apatite. Such unusual sequence of crystallization, 
with apatite before ferromagnesian silicates, occurs in the Grader layered intrusion (Charlier et al., 
submitted-b). Liquidus plagioclase could also has been removed by sorting or did not crystallized due 
to delayed nucleation. The extreme enrichment of Fe-Ti-P in ferrobasaltic melts is essentially 
explained by the fractionation of large amount of plagioclase. Moreover, the increasing phosphorous 
content in the liquid with differentiation increases the solubility of iron by forming Fe3+(PO4)
3- 
complexes in the melt (Toplis et al., 1994). Consequently, as noticed by Lindsley (2003), the 
association oxides-apatite probably reflects a simultaneous saturation of these two phases. 
 
Finally, the occurrence of oxide dykes with sharp contacts with the country rock (Kolker, 
1982; Duchesne, 1999; Lindsley, 2003), the interstitial habit of Fe-Ti oxides compared to silicate 
minerals and the droplet texture (Charlier et al., 2006) are misleading arguments for an origin of Fe-
Ti-P ores by immiscibility. These textures are better explain by solid-state remobilisation and textural 
equilibration of oxides and by the isometric morphology of ilmenite. Liquid ilmenite is thus actually 
liquidus ilmenite (Duchesne, 1996; Duchesne, 1999). 
 
 
4.3. Magma mixing: comparisons with chromite deposits 
 
Chromite deposits occur either as podiform chromitites in ophiolitic complexes (Arai, 1997; Zhou and 
Robinson, 1997) or as stratiform chromitites in layered intrusions, such as the Bushveld, Great Dyke 
or Stillwater Complex (see the book of Cawthorn, 1996; Cawthorn, 2003). A consensus for the origin 
of podiform chromitites involves magma mixing between a mantle-derived melt and another magma 
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produced by the selective melting of orthopyroxene from the host peridotite. This mixing produces a 
hybrid melt located in the stability field of chromite, which becomes the only liquidus mineral (Arai 
and Yurimoto, 1994; Zhou et al., 1994; Zhou et al., 1996). This mechanism is comparable to the 
magma mixing model proposed by Irvine (1975, 1977) to explain the origin of chromitite layers in 
magma chambers. Magma mixing occurs either between the resident fractionated magma and a new 
primitive one, or by contamination of the resident magma by a siliceous component. Magma mixing 
has been suggested by many other studies (e.g. Roeder and Reynolds, 1991; Campbell and Murck, 
1993; Kinnaird et al., 2002) which provided supporting evidence from mineral compositions, modal 
proportions, fluid dynamics, experimental studies and isotopic ratios. Other models have also been 
proposed, mainly changes of pressure (Cameron, 1977; Lipin, 1993; Cawthorn, 2003; Cawthorn, 
2005) and increase in oxygen fugacity (Ulmer, 1969). These mechanisms are generally considered as 
plausible because they have been confirmed by experimental studies which clearly show (1) that the 
field of chromite expands with increasing pressure (Osborn, 1980) and (2) that increasing the fO2 of a 
chromite-saturated melt at constant temperature leads to chromite supersaturation (Murck and 
Campbell, 1986). These mechanisms could actually result from magma injection affecting the pressure 
in the chamber and change the fO2 of the resident melt. 
 
Cotectic crystallization of chromite with olivine (or orthopyroxene) associated with 
gravitational sorting has been excluded on the basis of textural relationships (Eales and Reynolds, 
1986) and because of problems with the Cr budget. Indeed, the cotectic proportions of chromite and 
olivine can vary because of the curved-shape of the olivine-chromite cotectic but are lower than 2:98 
(Irvine, 1977). Consequently, the counterpart olivine cumulate pile would be at least 50 m thick for a 
chromitite layer 1 m thick, a proportion which is not observed. Moreover, because of the low 
solubility of Cr in basic magma (ca. 1000 ppm; Barnes, 1986a; Murck and Campbell, 1986), the 
required liquid thickness of the parental liquid would be unrealistically high. Mass balance 
considerations thus require that chromite was the only liquidus mineral, at least for a while. 
 
Concerning Fe-Ti deposits, Robinson et al. (2003) suggested that magma mixing was 
responsible for the high proportion of ilmenite in Tellnes, by analogy with the base of MCU IVa of the 
Bjerkreim-Sokndal. However, it is not evident that ilmenite may occur as the sole liquidus mineral as 
it is usually associated with plagioclase at least. Moreover, the hypothetical curved ilmenite-
plagioclase cotectic invoked by these authors, similar to the curved chromite-olivine cotectic (Irvine, 
1977), has no experimental support. Data from Duchesne and Charlier (2005) on the Bjerkreim-
Sokndal layered intrusion even suggest that the cotectic proportion of ilmenite remains constant during 
a large differentiation interval (F=1.0-0.6). Magma mixing in chambers emplaced in the continental 
crust is typically accompanied by systematic variations of mineral compositions and isotopic ratios 
(e.g. the Bushveld complex; Kruger and Marsh, 1982). Kinnaird et al. (2002) undertook detailed 
studies of 87Sr/86Sr on interstitial plagioclase in chromitites from Bushveld and showed significant 
differences between these plagioclases and the immediate chromite-poor footwall, interpreted as 
reflecting sudden contamination of the resident magma by a felsic melt. The very restricted range of 
variation of Sr isotopes in the Tellnes deposit (Charlier et al., 2006) does not favour such mixing as a 
mechanism for ilmenite enrichment. 
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5. Controlling factors on ore composition 
 
5.1. The relative stability of ilmenite and magnetite: the role of 
parental magma composition 
 
Since Buddington and Lindsley (1964) experimental studies have clearly demonstrated the strong 
influence of oxygen fugacity (fO2; Frost, 1991) on the stability fields of Fe-Ti oxides (Hill and Roeder, 
1973; Grove and Baker, 1984; Juster et al., 1989; Snyder et al., 1993; Thy and Lofgren, 1994; Toplis 
and Carroll, 1995). In these experiments, the temperature of Fe-Ti oxide precipitation is always close 
to 1100°C. The stability field of the magnetite-ulvöspinel solid solution increases with fO2. 
Consequently, at high fO2, the appearance of magnetite precedes that of ilmenite. However, Toplis and 
Carroll (1995) have shown that fO2 could only affect the stability field of magnetite whereas the 
crystallization of ilmenite as the first oxide is probably controlled by the TiO2 content of the melt. 
Consequently, even in oxidizing conditions, melts with high TiO2 content might reach ilmenite 
saturation before magnetite, leading even to crystallization of hemo-ilmenite alone (Lattard et al., 
2005). This situation is illustrated in the Grader layered intrusion (Charlier et al., submitted-b) where 
the high hematite content in ilmenite is an indicator of the relatively high oxygen fugacity in the melt 
(ca. NNO+1). However, ilmenite is the first liquidus Fe-Ti oxide and remains modally more abundant 
compared to magnetite when it is present. The early saturation of hematite-rich ilmenite in the Grader 
intrusion instead of Ti-magnetite is thus controlled by the high TiO2 content of the parental magma. 
 
The saturation of ilmenite and magnetite are closely related. Indeed, during closed system 
crystallization, the crystallization of magnetite increases the Fe2+/Fe3+ ratio which leads to the 
saturation of ilmenite soon after the appearance of liquidus magnetite. Contrarily, crystallization of 
ilmenite as the sole Fe-Ti oxide decreases the melt Fe2+/Fe3+ ratio, thereby increasing the relative 
redox state of the melt and driving the liquid into the magnetite stability field (Snyder et al., 1993; 
Toplis and Carroll, 1996). However, the saturation of magnetite after hemo-ilmenite crystallization 
occurs later, as shown by the relatively long interval of hemo-ilmenite crystallization as the sole oxide 
in the Bjerkreim-Sokndal (Duchesne, 1972; Wilson et al., 1996) and the Grader (Charlier et al., 
submitted-b) layered intrusions. 
 
 
5.2. The role of fO2 on major and trace elements distribution in 
ilmenite 
 
As discussed previously, the TiO2 content of the melt and its fO2 are controlling factors on the relative 
stability of ilmenite and magnetite. fO2 has also a significant role on the composition of Fe-Ti oxides. 
Phase equilibrium studies by Buddington and Lindsley (1964) in the system FeO-Fe2O3-TiO2 
evidenced the close relation between oxides compositions, temperature and oxygen fugacity. Further 
developments on Fe-Ti oxide-silicate equilibria and thermodynamic treatments (e.g. Andersen and 
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Lindsley, 1988) have improved the use of the thermo-oxybarometers (Ghiorso and Sack, 1991; 
Andersen et al., 1993). New data with large range of oxygen fugacities (e.g. Lattard et al., 2005) and 
further experiments including supplementary elements, particularly Al, (e.g. Toplis and Carroll, 1995) 
will support more accurate calibration of these thermo-oxybarometers. 
 
The distribution of trace elements which occur in several valence states in silicate melts is also 
influenced by fO2. Particularly, the partitioning of V between magnetite and melt has been shown to 
decrease by one order of magnitude with increasing fO2 from NNO-0.7 to NNO+2.6 (Toplis and 
Corgne, 2002). Similar variations are observed for Cr from their data. However, it is not clear to which 
extent variation of fO2 has an influence on the partitioning of these elements between ilmenite and 
melt but it is clear that MtVD  and IlmVD  do not vary similarly with fO2. This property permits the use of 




5.3. Postcumulus evolution of oxide minerals 
 
5.3.1. Re-equilibration with trapped liquid 
 
The crystallization of trapped liquid is know to have a strong influence on the composition of primary 
cumulus composition (Barnes, 1986b). However, because Fe-Ti oxides are largely affected by 
subsolidus phenomena, the trapped liquid shift is hardly obvious. Expected zoning of cumulus phases 
are always completely erased by later re-crystallization and intra-mineral diffusion. 
 
The effect of the trapped liquid on ilmenite composition in the Tellnes ilmenite deposit has, 
however, been quantified by Charlier et al. (2007). It essentially depends on the compositions of 
cumulus and intercumulus ilmenite, and on their relative proportions. For compatible elements which 
are enriched in cumulus ilmenite, the trapped liquid has mainly a diluting effect because of its low 
content in these elements. Consequently, if the proportion of cumulus ilmenite is high compared to the 
amount of ilmenite crystallized from the trapped liquid, the influence of trapped liquid crystallization 
is minor. For industrial purposes, the crystallization of ilmenite from the trapped liquid is favourable 
for Cr, a compatible element, because it beneficially reduces the Cr content of ilmenite, as well as 
other compatible elements. For incompatible elements, which are enriched in ilmenite crystallized 
from the trapped liquid, the crystallization of trapped liquid increases the concentration of these 
elements in re-equilibrated ilmenite. However, trapped liquid crystallization has a negative effect on 
the grade of the ore and tends to decrease the TiO2 content of the bulk rock because it is Ti-poorer than 
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5.3.2. Re-equilibration with surrounding ferromagnesian silicates 
 
Re-equilibration with trapped liquid is prolonged during the subsolidus evolution by reaction with 
other phases, and particularly ferromagnesian silicates. The main effect of these re-equilibrations is to 
drive down the MgO content of Fe-Ti oxides. Such re-equilibration were described in the Kiglapait 
layered intrusion where Ti-magnetite lost Mg to accompanying olivine and augite (Morse, 1980). 
 
 
5.3.3. Reaction between ilmenite and magnetite 
 
Reaction at the contact between ilmenite and magnetite may develop due to extensive reaction upon 
cooling of ulvöspinel in magnetite (Fe2TiO4) with hematite in ilmenite (Fe2O3) to produce magnetite 
and ilmenite with an aluminous spinel rim between the two grains and zoning in the hematite content 
of ilmenite (Figure I-5; Buddington and Lindsley, 1964; Duchesne, 1970). This reaction produces the 
oxidation of ulvöspinel in magnetite and reduces the hematite content of ilmenite, driving to natural 
“purification” of both minerals. Of course, no reaction rim is observed when primary ulvöspinel 
exsolutions in magnetite are preserved, though it is not excluded that some ulvöspinel contents have 
reacted to ilmenite above the ulvöspinel-magnetite solvus. The relative proportion of magnetite and 
ilmenite is critical for the degree of re-equilibration of these two phases and for the reconstruction of 
the primary high-temperature magmatic composition (Frost et al., 1988). If the proportion of magnetite 
compared to ilmenite is extremely small, this reaction may re-equilibrate completely the primary 
composition of magnetite down to a Ti-poor magnetite, without significantly affecting the composition 
of ilmenite. 
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Figure I-5. Re-equilibration textures between ilmenite and magnetite. (A) Magnetite grain in contact with 
ilmenite with a pleonaste rim (8V-4N, 238; Tellnes deposit); (B) Detail of a contact between ilmenite and 
magnetite with a pleonaste rim. Note the decrease in the amount of hematite towards the pleonaste (8V-4N, 238; 
Tellnes deposit); (C) Two generations of pleonaste rims between ilmenite and magnetite (66-16; Rodemyr); (D) 
Ilmenite grain in magnetite connected with trellis-textured ilmenite exsolutions in magnetite. This ilmenite grain 
is probably a granule exsolution that results from the oxidation and coalescence of ulvöspinel exsolutions. This 
ilmenite has subsequently reacted with magnetite and formed several generations of pleonaste rims (J1-01; 




5.3.4. Exsolutions, oxidation 
 
Fe-Ti oxides display complex subsolidus re-equilibrations resulting from miscibility gaps in the 
system FeO-Fe2O3-MgO-TiO2-Al2O3 (see the review of Lindsley, 1991) responsible for a large variety 
of microscopic textures (Figure I-6; Duchesne, 1970; Ramdohr, 1980; Haggerty, 1991). The most 
common features result from the miscibility gaps in magnetite-ulvöspinel (Lindsley, 1981) and 
hematite-ilmenite solid solutions (Carmichael, 1961). Ulvöspinel exsolutions in magnetite have been 
documented in various localities, e.g. the Skaergaard intrusion (Vincent and Phillips, 1954; Vincent, 
1960), the Fongen-Hyllingen complex (Thy, 1982), and the Fedorivka layered intrusion (Duchesne et 
al., 2006). However, ilmenite exsolutions in magnetite are more common and result from the oxidation 
of primary ulvöspinel exsolutions following the reaction: 3 Fe2TiO4 + 1/2 O2  3 FeTiO3 + Fe3O4. 
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Figure I-6. Exsolutions in magnetite. (A-B) Cloth-textured magnetite with oxidized ulvöspinel and pleonaste 
exsolutions (64-82; Bjerkreim-Sokndal and 66-11; Kaknuden, Norway); (C) Dendritic lamellae of pleonaste 
exsolution in magnetite (66-11; Kaknuden, Norway); (D) Cloth-textured magnetite with ulvöspinel (oxidized to 





Ilmenite may exsolve lenses of hematite when the hematite content exceeds 7-9 wt.%. It is 
then referred to as hemo-ilmenite (Basley and Buddington, 1958). Two generations of hematite 
exsolutions may develop above 18 mol% of hematite. Exsolutions of aluminous spinel (pleonaste, 
(Mg, Fe)Al2O4) commonly occur in Ti-magnetite and in oxy-exsolution of ilmenite and reflect primary 
high Al and Mg contents of the host magnetite. They may also form external granule exsolutions 
(Figure I-7). This type of exsolution is also observed in ilmenite and results from the low solubility of 
Al2O3 in ilmenite (Spencer and Lindsley, 1981). 
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Figure I-7. External granule exsolution of pleonaste (aluminous spinel) out of magnetite. (A) Cloth-textured 
magnetite with oxidized ulvöspinel and pleonaste exsolutions. Note the external granules of pleonaste and the 
zone without pleonaste exsolutions along the grain boundaries (K20-03; Suwalki anorthosite); (B) Small external 




Naslund (1987) has described baddeleyite lamellae in ilmenite from the tholeiitic Basistoppen 
sill. This textures is interpreted as resulting from subsolidus exsolution of Zr from ilmenite lattice. 
Similar texture with zircon, baddeleyite and srilankite (Ti2ZrO6) associated with ilmenite have also 
been described by Bingen et al. (2001) in high-grade meta-anorthositic rocks of Western Norway. 
They interpret the occurrence of baddeleyite as external granule exsolutions from ilmenite during 
subsolidus cooling of the magmatic intrusion. Zircon would have been produced by the 
Sveconorwegian granulite-facies metamorphism due to the reaction of baddeleyite with available 
silica. The random position of zircon corona relative to hematite exsolutions in ilmenite suggests that 
Zr exsolution is produced before the hematite exsolution (Bingen et al., 2001). This is also a common 
features in Fe-Ti deposit (Figure I-8; Morisset et al., 2005; Charlier et al., 2007). 
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Figure I-8. Ilmenite grains with exsolved zircon and baddeleyite. (A-B) Hematite-rich ilmenite in contact with 
plagioclase with a zircon corona (Grader layered intrusion); (C) Ilmenite grain in contact with plagioclase, with 
two large pleonaste exsolutions wedge and a continuous zircon corona (12V-13N, 140; Tellnes deposit); (D) 
Baddeleyite exsolutions in ilmenite in contact with magnetite. The rim between these two grains is marked by a 
pleonaste corona (79-19-1b; Kydlandsvatnet, Norway). ap apatite; bd baddeleyite; hem hematite; plag 
plagioclase; zr zircon. 
 
 
6. The role of gravity driven deformation 
 
Fe-Ti deposits in anorthosite display highly variable morphologies. They may be locally highly 
deformed and folded, without systematic orientation with regional deformations. Ore deposits may be 
discordant with the host anorthosite (e.g. the Tellnes deposit) or display continuous relationships with 
intermediate noritic rocks (e.g. Fe-Ti ores of the Suwalki anorthosite). These Fe-Ti oxides-rich rocks 
have contrasting densities compared to less-dense anorthosites. This is partly responsible for the 
subsidence of the Bjerkreim-Sokndal layered intrusion (Paludan et al., 1994; Bolle et al., 2000, 2002). 
The gravity-driven deformation is also favoured by the diapiric uprise of anorthosites plutons 
(Barnichon et al., 1999). The present trough-shape and mineral orientations of the Tellnes ilmenite 
deposit has been interpreted by Charlier et al. (2006) to result from deformation during gravity-
induced subsidence and by up-doming of the anorthosite. This type of deformation is also responsible 
for the dynamic re-crystallization of minerals.  
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7. Conclusions and exploration perspectives 
 
Immiscibility of a Fe-Ti-(P)-rich melt, magma mixing and fractional crystallization of a ferrodioritic 
(jotunitic) parental magma have to be tested as potential Fe-Ti ore-forming processes. The latter 
coupled with early saturation of ilmenite and plagioclase flotation is, as detailed in the next chapters, 
the unique mechanism that can explain compositional variations in the Tellnes deposit, in the Grader 
intrusion and in Fe-Ti ores from the Suwalki anorthosite. Because these three occurrences display 
different characteristics representing all types of Fe-Ti deposits in Proterozoic massif-type 
anorthosites, it is highly probable that early saturation of Fe-Ti oxides and plagioclase buoyancy are 
the only processes responsible for ilmenite and/or magnetite concentration. Controlling factors on Fe-
Ti ores diversity are numerous, with principals being parental magma composition, sequence of 
crystallization, crystal sorting, crystallization of trapped liquid, oxygen fugacity and postcumulus re-
equilibrations. 
 
Restrictions imposed by the ore processing for Ti-recovery become more and more severe on 
the content of some polluting elements. Particularly, the chloride process imposes low MgO and Cr 
contents, which are relatively high in ilmenite from the Tellnes and Lac Tio deposits (Lister, 1966; 
Charlier et al., 2007). This is obvious in the lower part of the Tellnes deposit (Charlier et al., 2007). 
Oxide-apatite gabbronorites are now considered as interesting targets because Ti-resource may be 
combined with phosphorous in apatite (e.g. in the Grader, Bjerkreim-Sokndal and Sept Iles layered 
intrusions). Vanadium in magnetite is also of interest. Moreover, the composition of ilmenite in these 
rocks is Cr- and Mg-poorer (Duchesne, 1972; Charlier et al., submitted-b). These three occurrences are 
actively explored by mining companies. 
 
 








Petrogenesis of the Tellnes ilmenite deposit 
(Rogaland Anorthosite Province, SW Norway) 
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Economic igneous Fe-Ti oxide occurrences are commonly associated with massif-type anorthosites 
and two hard-rock deposits are currently being mined: the Tellnes ilmenite deposit (Rogaland 
Anorthosite Province, SW Norway) and the Lac Tio deposit (Allard Lake anorthosite, Quebec, 
Canada). There is no consensus as to whether accumulation processes, immiscibility, magma mixing, 
fractional crystallization, solid-state remobilisation, cotectic crystallization, or a combination of these 
processes or others, control the formation of Fe-Ti oxide ores. Nevertheless, the genesis of massif-type 
anorthosites and related rocks has been thoroughly debated (e.g. Ashwal, 1993; Longhi et al., 1999; 
Vander Auwera et al., 2000; Bédard, 2001; Longhi, 2005) and the Rogaland Anorthosite Province in 
particular has been the subject of numerous investigations (see Duchesne, 2001 for a review). In this 
province, the Bjerkreim-Sokndal layered intrusion, which contains all rock types belonging to the 
AMC series (Anorthosite-Mangerite-Charnockite), has been extensively studied (see Wilson et al., 
1996 for a review). The petrogenesis of the Bjerkreim-Sokndal Intrusion has greatly improved our 
understanding of the origin of massif-type anorthosites and related rocks. An important feature of the 
AMC series in Rogaland is the inferred jotunitic (hypersthene monzodiorite) parental magma. These 
liquids, also called ferrodiorites (Ashwal, 1993; Emslie et al., 1994), are Fe-, Ti- and P-rich and, 
contrary to basaltic magmas, crystallize ilmenite as an early liquidus mineral. The liquid line of 
descent of jotunitic magma is well known due to the occurrence of fine-grained jotunitic dykes that 
represent liquid compositions (Duchesne et al., 1989) and as a result of experimental studies (Vander 
Auwera et al., 1998b) performed on such compositions. 
 
In this well-documented geological context, a comprehensive genetic model for the Tellnes 
ilmenite deposit remains to be established. This deposit, which has been mined since 1960 by 
TITANIA A/S, was previously described as a rather homogeneous ore body with plagioclase, ilmenite, 
and orthopyroxene as the major minerals (Gierth and Krause, 1973). However, an extensive database 
of whole-rock compositions built up by TITANIA A/S over the last twenty years indicates that 
compositional variations are larger than previously believed. A detailed petrographical and 
geochemical investigation of more than 100 samples from the deposit has thus been undertaken in 
order to constrain a genetic model for the ore body and Fe-Ti ore-forming processes in massif-type 
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1.2. Geological setting 
 
1.2.1. The Rogaland Anorthosite Province 
 
The Tellnes ilmenite deposit belongs to the late-Proterozoic Rogaland Anorthosite Province (see 
Duchesne, 2001 for a review), emplaced in the south-western part of the Sveconorwegian orogenic 
belt (SW Norway) (Figure II-1). The Province comprises different units of the AMC series: four large 
massif-type anorthosite plutons (Egersund-Ogna, Håland, Helleren and Åna-Sira), the Bjerkreim-
Sokndal layered intrusion (Wilson et al., 1996), two smaller leuconoritic bodies (Hidra and 
Garsaknatt) (Demaiffe, 1977; Demaiffe and Hertogen, 1981), minor intrusions (Vander Auwera et al., 
2005) and dykes of the jotunitic (hypersthene monzodiorite) kindred (Duchesne et al., 1989). Another 
characteristic is the presence of numerous Fe-Ti deposits of subeconomic to economic grade (e.g. 
Tellnes), occurring in the Åna-Sira, Håland and Helleren anorthosites (see Duchesne, 1999, for a 
review). 
 
These magmatic rocks were emplaced between 930 and 920 Ma (Schärer et al., 1996) in 
granulite facies ortho- and paragneisses, generating a wide, high-temperature contact metamorphic 
aureole (Maijer, 1987; Möller et al., 2002). Anorthosite-kindred plutonic rocks intruded granulite-
facies gneisses at around 930 Ma (Schärer et al., 1996) in post-collisional regime (Duchesne et al., 
1999; Bingen et al., 2006). They postdate final Sveconorwegian convergence and regional 
metamorphism by some 40 Ma (Bingen and van Breemen, 1998; Bingen and Stein, 2003), and have 
not been overprinted during the Caledonian orogeny. 
 
The anorthosite plutons crystallized over a large range of pressures, starting at about 11 to 13 
kbar in large magma chambers in the lower part of a thickened crust (Longhi et al., 1993, 1999; 
Longhi, 2005). The low density of a plagioclase crystal mush induced diapiric uprise of the 
anorthositic massifs, possibly through zones of weakness (Scoates and Chamberlain, 1997), to their 
final intrusion at a pressure of around 5 kbar (Ashwal, 1993; Duchesne et al., 1999). Fabrics and 
deformation observed in the Rogaland Anorthosite Province are related to the diapiric emplacement of 
plutons (Duchesne et al., 1985a; Barnichon et al., 1999) and to gravity-induced subsidence of denser 
rocks bodies (e.g. Bolle et al., 2002). Late doleritic dykes cross-cut the Province and are related to the 
late opening of the Iapetus Ocean at 616 ± 3 Ma (Bingen et al., 1998). 
 




Figure II-1. Geological map of the Rogaland Anorthosite Province (after Bolle, 1996) showing the location of 
the Tellnes ilmenite deposit in the central part of the Åna-Sira anorthosite. Bs: Bøstølen intrusion; Bf: Blåfjell 





1.2.2. The Tellnes ilmenite ore body 
 
The ore body, an ilmenite-rich norite averaging slightly more than 18% TiO2, was discovered in 1954 
during an aeromagnetic survey, and production started 6 years later by TITANIA A/S as an open-pit 
mine. Tellnes is a world-class titanium mineral deposit: it has a yearly production of 800.000 t of 
ilmenite concentrate, equivalent to 7% of the total production of titanium minerals in the world by 
TiO2 content. Reserves are estimated to be 57 Mt TiO2, representing 14% of the world reserves of 
ilmenite and 12% of the total (ilmenite + rutile) world reserves of titanium minerals. The ilmenite is 
primarily used for the production of titanium pigment by the sulphate process. By-products are 
magnetite and Ni-Cu sulphide concentrates. 
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Figure II-2. Geological map of the Tellnes ilmenite deposit and the host Åna-Sira anorthosite at present level of 
exposure (after Krause et al., 1985). Grid is the EURF89 kilometric UTM. Minor late faults are not shown. 
 
 
The Tellnes ore body is intruded into the central part of the Åna-Sira anorthosite (Gierth and 
Krause, 1973; Krause et al., 1985) (Figure II-2). This anorthosite body is essentially made up of 
granulated plagioclase with rare isolated Al-rich orthopyroxene megacrysts. Some parts are 
leuconoritic, containing plagioclase, orthopyroxene and ilmenite. The massif contains numerous Fe-Ti 
deposits which have been mined in the past. The most important of these occurrences are Storgangen, 
Bøstølen, and Blåfjell (Figure II-1) (Krause and Zeino-Mahmalat, 1970; Krause and Pape, 1977; 
Krause et al., 1985; Duchesne, 1999). Mining is now confined to Tellnes (Figure II-2). This deposit 
crosscuts the anorthosite and thus seems to be younger than its host; U-Pb ages of zircon is 920 ± 3 
Ma for the ore body and 932 ± 3 Ma for the anorthosite (Schärer et al., 1996). However, Charlier et al. 
(2007) have concluded that the 920 Ma age for Tellnes reflects the timing of Zr exsolution from 
ilmenite and not the age of crystallization, which is probably closer to the age of the anorthosite of 
around 930 Ma. 
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The deposit has a sickle-shape oriented WNW-ESE to NNW-SSE and has a maximum width 
and length of 400 m and 2700 m respectively. The intrusive character of the ore body is demonstrated 
by sharp contacts with the host anorthosite, numerous apophyses and anorthosite xenoliths, 
particularly abundant in the south-eastern part. The main body extends to the NW and SE as a dyke 
(the “main dyke”) with a jotunitic to charnockitic composition (Wilmart et al., 1989). Dated at 931 ± 5 
Ma (U-Pb ages on zircon; Schärer et al., 1996), the dyke is not comagmatic with the ore deposit, as 
shown by different Sr isotope ratios (Wilmart et al., 1989). The two intrusions were successively 
emplaced in the same structure, produced by a transcurrent, dextral opening of a WNW-ESE-striking 
zone of weakness in the Åna-Sira anorthosite (Diot et al., 2003). Two sub-vertical doleritic dykes 
oriented WNW-ESE cut the Tellnes deposit. 
 
 
1.3. Previous studies on the Tellnes deposit 
 
Detailed petrographical descriptions of the Tellnes ilmenite deposit have been presented by Gierth 
(1970), Gierth and Krause (1973, 1974), Gierth et al. (1982) and Gierth (1983). Although these 
authors describe the mineralogical and chemical composition of the ore body as very uniform, they 
noticed some variability. Most important are the lower ilmenite and the higher plagioclase and apatite 
contents at the margins of the ore body. The upper part contains increasing amounts of magnetite and 
sulphides whereas the lower part is almost magnetite-free and poor in sulphides. 
 
Wilmart et al. (1989) reported a detailed geochemical study (Sr isotopes, major and trace 
elements) of the Tellnes dyke and the ore body. They inferred that the ilmenite-rich norite could have 
been derived by crystallization of a noritic liquid related to the host Åna-Sira anorthosite. An 
emplacement mechanism involving injection of a noritic crystal-mush, lubricated by 3 to 10% trapped 
liquid, was proposed by Wilmart et al. (1989). In this model, the ilmenite enrichment was explained by 
dynamic sorting of dense ilmenite during movement of the mush and its progressive accumulation to 
form the ilmenite-rich norite in the more central part of the conduit. The less dense plagioclase-rich 
part of the mush was emplaced at the margins and in the SE apophyses of the ore body. Emplacement 
as a crystal-mush was later supported by magnetic and petrofabric evidence (Diot et al., 2003). The 
shape orientation of minerals was interpreted to have resulted from flow during injection of the 
ilmenite norite mush. From the well-constrained plunge of the lineation (averaging SE 18°), Diot et al. 
(2003) concluded that the mush was derived from an adjacent (unexposed) magma chamber and was 
injected laterally and slightly upwards from the SE into a zone of weakness. 
 
Robinson et al. (2003) recently compared the Tellnes deposit to ilmenite-rich cumulates of the 
Bjerkreim-Sokndal layered intrusion. In the latter, magma mixing is inferred and the hybrid magma 
appears to have crystallized relatively large amounts of ilmenite (Wilson et al., 1996). Comparable 
compositional ranges of plagioclase and orthopyroxene in Tellnes and in Bjerkreim-Sokndal have led 
Robinson et al. (2003) to suggest a similar origin for the two types of cumulates: comparable parental 
magmas and possibly similar mixing events but within chambers of different shapes. Nevertheless, 
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these authors admit that further documentation based on more detailed mineralogical and petrological 
studies is needed. 
 
Extensive drilling by the mining company and microgravimetric analyses have resulted in a 
detailed picture of the 3D-shape of the ore body (Figure II-3). A huge database of whole-rock 
compositions has also been compiled by TITANIA A/S (Kullerud, 2003). About 5000 samples have 
been analysed for TiO2, P2O5, Cr, S and modal magnetite. Of these, 2000 samples have been analysed 
for all major elements and selected trace elements. Based on compositional variations within the ore 
body, Kullerud (2003) recognized four zones: a Lower Central Zone (LCZ: ilmenite-rich, plagioclase- 
and Fe-Mg silicate-poor), an Upper Central Zone (UCZ: ilmenite- and Fe-Mg silicate-rich, 
plagioclase-poor), a Lower Marginal Zone (LMZ: plagioclase-rich, ilmenite- and Fe-Mg silicate-
poor), and an Upper Marginal Zone (UMZ: plagioclase- and Fe-Mg silicate-rich, ilmenite-poor). 





Figure II-3. 3D view of the Tellnes ilmenite deposit constructed from drill cores and microgravimetric data with 





More than 100 samples were selected from various drill-cores in three SSW-NNE sections (800, 1200 
and 1600), more or less perpendicular to the elongation of the ore body (Figure II-4). Each sample 
corresponds to 40 cm to 1 m of a split drill-core. Altered portions of rocks have been avoided during 
sampling. A few rocks were also collected in the open-pit. Petrographic studies were carried out on 
polished thin sections for all rocks. 
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Figure II-4. (A) Location of the three selected cross sections on the geological map of the Tellnes ilmenite 
deposit (same legend as Figure II-2); (B-D) Spatial distribution of selected drill holes and samples in cross 
sections 1600, 1200 and 800. Bold numbers in italics are samples from which plagioclase has been separated. 





1.5.1. Mineralogy and textural relationships 
 
The Tellnes ore is an equigranular, massive, medium-grained (0.5-2 mm) ilmenite-rich norite. The 
norite rarely displays modal layering and appears extremely homogeneous in outcrop. Plagioclase, 
ilmenite and orthopyroxene are the main minerals. Olivine, magnetite, clinopyroxene, biotite, apatite 
and hornblende are subordinate. Traces of Fe-Ni-Co-Cu sulphides are ubiquitous. Other accessory 
phases include aluminous spinel, baddeleyite and zircon. 
 
Plagioclase is the most abundant mineral in the ore. It forms elongated laths ranging from 0.5 
to 2 mm in length, commonly with a shape-preferred orientation. Laths may be slightly deformed, 
displaying bent twinning, undulatory extinction, granulation (primary crystals are replaced by smaller 
recrystallized grains), and lobate contacts with adjacent minerals, suggesting subsolidus grain 
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boundary adjustment. Similar deformation microstructures have been detailed in the Poe Mountain 
anorthosite (Wyoming) by Lafrance et al. (1996). Plagioclase commonly contains numerous very 
small needles of oxide minerals. Some grains also include large equant grains of ilmenite. Plagioclase 
is undoubtedly a cumulus mineral. 
 
Ilmenite contains lenses of exsolved hematite. It is usually interstitial to the other minerals 
which nevertheless locally contain inclusions of ilmenite. The interstitial habit of ilmenite results from 
the coalescence of grains with variable orientation and displaying 120° triple junctions. This texture is 
also due to subsolidus grain boundary migration of primary ilmenite (Hunter, 1996; Duchesne, 1996). 
Exsolved hematite does not display any deformation, implying that deformation textures in the ore 
body were acquired above the solvus temperature. As a result of recrystallization, distinction between 
cumulus and intercumulus ilmenite is difficult. However, the presence of equant ilmenite grains within 
plagioclase and orthopyroxene shows that ilmenite is a liquidus mineral. 
 
Orthopyroxene is present throughout the ore body but is more abundant in the upper part of 
the intrusion. Two different textures are observed: (1) subhedral, prismatic grains with well developed 
Schiller exsolutions (Figure II-5A); (2) smaller anhedral grains that are interstitial to plagioclase 
(Figure II-5B). In the lower part of the deposit, only interstitial orthopyroxene is observed whereas 
both types of texture occur in the upper part. This suggests that orthopyroxene is an intercumulus 
phase at the base of the deposit and becomes a cumulus phase up-section. Interstitial orthopyroxene 
reflects crystallization from intercumulus melt. 
 
A small amount of olivine (generally < 5%) occurs in the upper part of the ore body. It appears 
more or less simultaneously with the prismatic orthopyroxene. Only a few samples contain cumulus 
orthopyroxene without olivine. Olivine is commonly interstitial to the other major minerals but can 
locally be found included in orthopyroxene. The small proportion of olivine favours an intercumulus 
character. However, the existence of olivine included in other minerals and its relatively primitive 
composition (ca. Fo80, Wilmart et al., 1989) force us to consider olivine as a cumulus phase that 
appears simultaneously with orthopyroxene. Close to the contact with the anorthosite, olivine has 
commonly been replaced by symplectitic intergrowths of orthopyroxene and magnetite (Figure II-5C). 
 
Magnetite, clinopyroxene, biotite, apatite and hornblende are considered as intercumulus 
minerals that crystallized from trapped liquid. This interpretation is based on obvious interstitial, 
space-filling relationships relative to plagioclase, ilmenite, orthopyroxene and olivine and on their 
relatively low modal abundances. Grains of clinopyroxene at the margin of orthopyroxene probably 
represent externally exsolved granules. The crystallization of trapped liquid produces new 
intercumulus grains as well as overgrowths on preexisting cumulus grains. 
 
Some samples close to the margin with the host anorthosite have unusual textures. The most 
spectacular is a “dalmatian texture” in which large plagioclase and orthopyroxene oikocrysts enclose 
numerous, smaller and uniformly distributed ilmenite chadacrysts (Figures II-5E-F). This texture 
clearly demonstrates the early crystallization of ilmenite. Other marginal rocks (12.5V-6S, 264 and 
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12V-10S, 64) have a fine-grained texture in which two pyroxenes occur in roughly equal proportions, 
together with antiperthitic plagioclase, ilmenite and a high proportion of apatite (Figure II-5D). These 
are interpreted as chills, similar to those of jotunitic dykes (Duchesne et al., 1985b, 1989). 
 
Figure II-5. Microphotographs showing the main textures observed in the Tellnes ilmenite deposit. (A) Large 
prismatic orthopyroxene with Schiller exsolutions, and ilmenite inclusions. Larger ilmenite grains have 
interstitial morphologies, wrapping orthopyroxene and plagioclase laths. Traces of biotite are common (sample 
8V-4N, 156; UCZ); (B) Small anhedral orthopyroxene interstitial to plagioclase. Note lobate contacts between 
plagioclase and ilmenite (sample 12V-3S, 255; LCZ); (C) Symplectitic intergrowths of orthopyroxene and 
oxides replacing primary olivine (sample T2 from Diot et al., 2003; UMZ); (D) Fine-grained jotunite with the 
two pyroxenes in similar proportions, antiperthitic plagioclase, ilmenite and relatively large proportion of apatite 
(sample 12V-10S, 64; UMZ); (E) Poikilitic texture with large plagioclase and pyroxene oikocrysts enclosing 
numerous small ilmenite chadacrysts giving a “Dalmatian texture” (sample 99-24b, NE margin of the ore body; 
UMZ); (F) same view under crossed nicols. 
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1.5.2. Modal proportions and spatial variations in cumulus mineralogy 
 
Our petrographical study confirms the variations of modal proportions previously described by Gierth 
and Krause (1973) and reveals systematic variations in the cumulus assemblage throughout the 
deposit. The zoning is observed in each of the three sections studied (800, 1200 and 1600), suggesting 
that variations along the length of the ore body are not significant. 
 
Based on the modal and textural variations, the four zones identified by Kullerud (2003) on 
the basis of mining whole-rock data have been defined in the three sections (Figure II-6): (1) the 
Lower Central Zone (LCZ); (2) the Upper Central Zone (UCZ); (3) the Upper Marginal Zone (UMZ) 
and (4) the Lower Marginal Zone (LMZ). As detailed later, the Tellnes ilmenite deposit is interpreted 
as a sill-like body that has subsided so that it has now a synclinal shape. The original morphology and 
spatial distribution of the different zones have been therefore strongly modified by later deformation. 
 
The Lower Central Zone (LCZ) represents rocks from the lower part of the ore body and also 
the upper south part in sections 800 and 1200. In the LCZ, plagioclase and ilmenite constitute ca. 90% 
of the mode and are the only cumulus phases (pi-C). Their average amounts are 46.2 and 44.7 wt.% 
respectively. It is the most ilmenite-rich part of the deposit. Orthopyroxene is also present but in minor 
amounts as small interstitial grains. Olivine and large grains of magnetite are absent. Magnetite is only 
present as rare small grains associated with sulphides. Other intercumulus minerals are biotite, apatite, 
clinopyroxene and locally amphibole. 




The Upper Central Zone (UCZ) comprises the upper portion of the intrusion, excluding the 
marginal rocks. Plagioclase, ilmenite, orthopyroxene and olivine are the cumulus minerals (piho-C) 
with average amounts of respectively 38.9, 41.3, 11.9 and 2.7 wt.%. The orthopyroxene content 
increases upwards through the UCZ. Intercumulus magnetite is invariably present. Clinopyroxene, 
biotite, apatite and locally amphibole are also intercumulus phases. The boundary between the UCZ 
 
Figure II-6. (A-C) Cross sections (800, 1200 and 1600) 
through the Tellnes ilmenite deposit showing the 
spatial distribution of different zones. LCZ = Lower 
Central Zone; UCZ = Upper Central Zone; UMZ = 
Upper Marginal Zone; LMZ = Lower Marginal Zone; p 
= plagioclase; i = ilmenite; h = orthopyroxene; o = 




Figure II-7. (A-C) Spatial distribution of the ilmenite 
proportion (wt.%) in sections 800, 1200 and 1600 of 
the Tellnes ilmenite deposit. 
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and LCZ is well defined as olivine and large crystals of prismatic orthopyroxene appear together. This 
boundary has a trough-shape and is grossly parallel in section to the bottom of the ore body. 
 
The Upper Marginal Zone (UMZ) is situated at the margins of the ore body between the UCZ 
and the contact with the host anorthosite. It is characterized by a higher abundance of plagioclase (50.3 
wt.% on average) and apatite, and a lower content of ilmenite (30.0 wt.% on average) than the UCZ. 
Magnetite is present and clinopyroxene forms relatively abundant subhedral grains. Symplectitic 
intergrowths of orthopyroxene and ilmenite/magnetite are common and resulted from the oxidation of 
cumulus olivine. The thickness of the UMZ is about 15 to 20 m and the transition to the UCZ is 
gradational and characterized by a decrease in the proportion of plagioclase to ilmenite. The UMZ is 
absent in section 1600 because the margins of the ore body are only in contact with the LCZ. 
 
The Lower Marginal Zone (LMZ) is situated between the LCZ and the contact. It is similar to 
the UMZ: relatively plagioclase-rich and ilmenite-poor (51.2 and 34.4 wt.% respectively). However, 
symplectitic intergrowths are absent (due to the absence of olivine in the primary assemblage) and 
orthopyroxene is less abundant. As with the UMZ, apatite is more abundant than in the LCZ. 
 
 
1.5.3. Petrography of Fe-Ti oxides 
 
The primary texture of ilmenite has been severely modified by subsolidus grain boundary migration 
and textural equilibration during deformation and recrystallization of the intrusion. Ilmenite is usually 
interstitial to the main silicate minerals. As a result of recrystallization, distinction between cumulus 
and intercumulus ilmenite grains is not possible. The proportion of ilmenite (Figure II-7) is high in the 
central part of the body (40-50 wt.%) and decreases continuously towards the margins (to as low as ca. 
15 wt.%). Mining data of the Cr concentration in ilmenite (Figures II-8A-C), which decreases 
continuously from the lower to the upper part of the intrusion, displays spatial variations concordant 
with the limit between LCZ and UCZ (Figure II-6). 
 
Intercumulus minerals (clinopyroxene, magnetite, biotite, apatite and amphibole) are 
commonly more abundant at the margins of the ore body where the trapped liquid fraction is higher. 
This is particularly obvious for apatite, as expressed by the P2O5 content of bulk cumulates (Charlier et 
al., 2006). Even if the proportion of magnetite is commonly higher at the margins, mining data of the 
magnetite content in Tellnes cumulates show that the main feature is an increase in its modal 
abundance towards the top of the intrusion (Figures II-8D-F). Two types of magnetite are 
distinguished: small grains associated with sulphides and large grains (ca. 0.5 mm) containing 
exsolution lamellae of pleonaste (aluminous spinel) which appear simultaneously with olivine and 
large prismatic orthopyroxene in the UCZ. The magnetite content is close to 0-0.3% in LCZ 
(essentially small grains) and reaches values slightly higher than 3% in the UCZ (essentially large 
grains). 
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Figure II-8. (A-C) Cr content in ilmenite in sections 800, 1200 and 1600 of the Tellnes ilmenite deposit; (D-F) 
Spatial distribution of the magnetite content (wt.%) in sections 800, 1200 and 1600 of the Tellnes ilmenite 
deposit. The local anomalously low proportion of magnetite in the upper part of section 800 results from the 
presence of large xenoliths of the host anorthosite. Filled 3-D rectangular blocks are modelled by interpolation of 
about 5000 analyses of Cr in ilmenite concentrate and of the magnetite content after magnetic separation 
(unpublished database of TITANIA A/S; DATAMINE® software); open blocks have not been intersected by 
drill cores and are inferred. 
 
 
Ilmenite and magnetite display various subsolidus re-equilibration textures (Figure II-9). 
Ilmenite contains lenses of exsolved hematite and could thus be referred to as hemo-ilmenite. 
Pleonaste is common as exsolved lenses in ilmenite (Figure II-9A) or as larger grains inside or outside 
ilmenite grains, interpreted as representing external granule exsolution. Ilmenite may also be rimmed 
by a thin zircon corona, 1 to 5 µm wide but locally up to 20 µm in samples close to the margin with 
the host anorthosite (Figures II-9A-C). Baddeleyite is also common as small euhedral grains included 
in ilmenite. A decrease in the hematite lamellae in ilmenite close to the exsolved pleonaste (Figure II-
9A) and to the sulphides (Figure II-9D) as well as to magnetite is observed (Figure II-9F). Re-
equilibration between ilmenite and olivine or orthopyroxene is not apparent from microtextures, but 
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strong re-equilibration is seen between ilmenite and magnetite. The hematite content (Fe2O3) of 
ilmenite decreases towards the margin with magnetite. Ilmenite close to the contact with magnetite is 
dotted with pleonaste microcrystals. The core of some of these pleonastes is locally constituted by 
magnetite (Figure II-9F). This texture is commonly interpreted to result from the reaction of 
ulvöspinel (Fe2TiO4) in magnetite with hematite in ilmenite to form a rim of a spinelliferous ilmenite 
exsolved from the magnetite (Duchesne, 1972). This reaction reduces both the Ti content of magnetite 
and the hematite content of ilmenite. Because of the small proportion of magnetite relative to ilmenite, 
this reaction has mainly changed the primary composition of magnetite into a Ti-poor variety, without 
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Figure II-9. Backscattered electron (BSE) images of polished thin sections showing main textures of Fe-Ti 
oxides in the Tellnes ilmenite deposit. Phases were identified with energy dispersive X-ray spectrometry. (A) 
Ilmenite grain in contact with plagioclase, with a large pleonaste exsolution wedge and a zircon corona. Note the 
decrease in the amount of hematite towards the pleonaste (sample 12V-13N, 140). (B) Ilmenite with exsolved 
hematite locally altered to titanite. A later thin rim of zircon is developed between ilmenite and plagioclase 
(sample 99-23b). (C) Ilmenite with two generations of exsolved hematite and thick zircon coronas (sample 99-
23b). (D) Ilmenite in contact with pyrite. The black line between the two minerals is a polishing artifact. Note 
the decrease of hematite exsolutions towards pyrite (sample 8V-9S, 130). (E) Magnetite grain with thick 
lamellae of pleonaste (sample 8V-4N, 238). (F) Detail of the contact between ilmenite and magnetite with a 
pleonaste rim. Note relicts of the magnetite inside some of the pleonaste cubes and the irregular margin of 
magnetite (sample 8V-4N, 238). Mineral abbreviations: ilm ilmenite; mt magnetite; plag plagioclase; py pyrite; 
pl pleonaste; ttn titanite; zr zircon. 
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2. Plagioclase, whole-rocks and Sr isotopic composition of 
the Tellnes deposit 
 
 
This chapter corresponds to the paper published in Chemical Geology: 
 
Charlier, B., Duchesne, J.-C., Vander Auwera, J., 2006. Magma chamber processes in the Tellnes 
ilmenite deposit (Rogaland Anorthosite Province, SW Norway) and the formation of Fe-Ti ores in 
massif-type anorthosites. Chemical Geology 234(3-4): 264-290. 
 
 
2.1. Analytical methods 
 
Forty seven samples were selected from sections 800, 1200 and 1600 for plagioclase separation 
(Figure II-10). Mineralogical separation of plagioclase grains (60-150 µm) was performed using 
flotation in bromoform and a Frantz isodynamic magnetic separator. Final purification was carried out 
by HCl leaching to dissolve any apatite grains and by hand-picking under the microscope. Samples 
were ground in an agate mortar and analysed for major elements by XRF on Li-borate fused glass and 
for Sr and Ba by XRF on pressed powder pellets (Table II-1). 
 
Sr isotopic ratios were measured for twenty one of these plagioclase samples on a Fisons VG 
Sector 54 mass spectrometer using dynamic multicollection at the Université Libre de Bruxelles 
(Table II-2). Prior to separation using ion exchange resin, plagioclase separates were dissolved in a 
mixture of HF, HNO3 and HClO4. During the period of measurements, 
87Sr/86Sr for the NBS897 Sr 
standard was 0.710273±0.000007 (normalized to 86Sr/88Sr = 0.1194). 
 
Whole-rock compositions for 97 samples were analysed for major elements by XRF on Li-
borate fused glass (Table II-3). All the XRF analyses were performed on the ARL 9400 XP of the 
Université de Liège (Belgium). Accuracy and reproducibility were evaluated on the basis of a 
collection of international standards (Bologne and Duchesne, 1991). Modal proportions have been 
determined by point counting (2000 points per 3x4.5cm thin section). Modal proportions are expressed 
as wt.%, converted from the volume % using appropriate mineral densities (Table II-3). 
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2.2. Analytical results 
 
2.2.1. Plagioclase compositions 
 
Plagioclase compositions are widely used to 
characterize stratigraphic variations (cryptic 
layering) in cumulates in layered intrusions 
in order to identify magma chamber 
processes such as fractional crystallization, 
magma recharge, assimilation or trapped 
liquid crystallization. Even though 
plagioclase is known to retain its primary 
composition as a result of slow NaSi-CaAl 
exchange (Grove et al., 1981), 
reequilibration and diffusion could 
nevertheless be significant in deep-seated 
plutonic rocks. Deformed twinning and local 
polygonization are common in Tellnes 
though less extensive than in other nearby 
intrusions such as Bjerkreim-Sokndal and 
the anorthosite massifs. This weak 
granulation is possibly due to the relatively 
ductile behaviour of ilmenite which has 
absorbed most of the strain. Nevertheless, 
recrystallization of primary euhedral laths of 
plagioclase might have overprinted and 
blurred any original plagioclase zoning. In 
order to eliminate the variations resulting 
from recrystallization of zoned crystals, we 
have characterized the plagioclase by its 
bulk composition rather than by using a 
microprobe. 
 
Previous data on plagioclase from 
Wilmart et al. (1989) described it as having 
a composition in the range An45-39. 
Compositions An45-42 were reported in the 
centre of the ore body and, more sodic 
plagioclase (down to An39) occurred in some 
apophyses and in plagioclase-rich rocks at 
the margins. The new data reveal a larger 
range of compositions than previously 
 
 
Figure II-10. (A-C) Cross sections (800, 1200 and 1600) 
through the Tellnes ilmenite deposit showing the spatial 
distribution of different zones and plagioclase 
compositions (An and Or content) in selected samples. 
LCZ = Lower Central Zone; UCZ = Upper Central Zone; 
UMZ = Upper Marginal Zone; LMZ = Lower Marginal 
Zone; p = plagioclase; i = ilmenite; h = orthopyroxene; o 
= olivine; -C = cumulate. Cumulate nomenclature after 
Irvine (1982). 
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described (Table II-1). Bulk plagioclase compositions vary from An48.8 to An39.3 (An = 100 
[Ca/Ca+Na]) and Or2.8 to Or7.1 (Or = 100 [K/Ca+Na+K]). Iron in plagioclase has been shown to be a 
monitor of magma composition (e.g. Tegner, 1997) and an indicator of the oxygen fugacity (Phinney, 
1992). However, our analyses on mineral separates do not allow us to make detailed investigation of 
the iron content of plagioclase as it contains numerous small oxide inclusions. MgO, TiO2 and MnO 
are minor components that are very sensitive to contamination and their variations will not be 
considered. 
 
Spatial variations of An and Or content in plagioclase are shown in Figure II-10. 
Compositions are relatively constant in the LCZ and UCZ (An49-45). The major variation in plagioclase 
composition is observed at the margins of the ore body where an abrupt decrease in An (An43-39) and 
increase in Or (Or4-7) is commonly observed. 
 
Sr and Ba (Table II-1) have also been analysed in plagioclase separates. Sr is compatible in 
plagioclase (see Vander Auwera et al., 2000 for a review) whereas Ba is incompatible (Bindeman et 
al., 1998). The range of variation is quite small for Sr (964 to 1182 ppm) and more significant for Ba 
(154 to 355 ppm). The Sr content is higher in samples from LCZ and UCZ whereas samples from 
LMZ and UMZ are comparatively enriched in Ba. Binary diagrams (Figure II-11) show that An and Sr 
(compatible behaviour) are positively correlated. Or and Ba (incompatible behaviour) are correlated 
positively and negatively with An and Sr. These trends do not result from variations of partition 
coefficients for Sr and Ba because they increase linearly with decreasing An content (Bindeman et al., 
1998). This is evident from the An-Sr relation which is opposite to the trend predicted by variations in 
partition coefficients. On the other hand, it is clear that these trends are closely related to the P2O5 
content in the bulk cumulate. P2O5-richer cumulates have plagioclase with higher Or and Ba contents 
while P2O5-poorer samples have plagioclase with higher An and Sr contents. 
 
 
Figure II-11. Binary diagrams for plagioclase composition from the Tellnes ilmenite deposit. Symbols are related 
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2.2.2. Sr isotope geochemistry 
 
Sr isotopic ratios and Rb and Sr concentrations 
have been analysed for 21 separated plagioclases 
(Table II-2). Measured 87/86Sr ratios display a 
very restricted range (0.704396-0.704693). 
These values are slightly lower than data 
reported by Wilmart et al. (1989) on four bulk 
cumulates from the ore body (0.70487-0.70510). 
They correspond to the lowest values in the 
Rogaland Anorthosite Province (see Bolle et al., 
2003, for a review). The spatial variability of 
87/86Sr(920) is shown in Figure II-12. Systematic 
variations of this ratio are observed in section 
1200 (Figure II-12A). The lowest 87/86Sr(920) ratio 
(0.704368) is found at the base of the section and 
it increases continuously towards the top, where 
it reaches 0.704519. Sample 12.5V-6S (264), 
situated 10cm from the contact with the host 
anorthosite, displays the highest ratio (0.704533). 
Here, it is possible that isotopic reequilibration 
could have occurred with the Åna-Sira 
anorthosite, which has a higher ISr between 
0.705-0.706 (Duchesne and Demaiffe, 1978). 
Values for 87/86Sr(920) in section 1600 (Figure II-
12B) are in the same range as values in the upper 
part of section 1200. The range of variation is 
minor, unsystematic, and probably not 
genetically significant. 
 
Table II-2. Sr isotopic compositions for plagioclase separates from the Tellnes ilmenite deposit. 
                      
           
Sample Depth An% Or%  Rb Sr  87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)920 
     (ppm) (ppm)   ± 2 σ (m)  
                     
           
P12V-13N 10 46,1 3,4  0,85 1153  0,0021 0,704503 ± 6 0,704475 
P12V-3S 29 45,7 3,6  0,68 1142  0,0017 0,704542 ± 9 0,704519 
P12V-3S 87 47,3 3,0  0,78 1144  0,0020 0,704502 ± 7 0,704476 
P12V-3S 154 46,5 3,1  0,59 1153  0,0015 0,704492 ± 9 0,704473 
P12V-3S 230 47,1 2,9  1,85 1182  0,0045 0,704465 ± 7 0,704405 
P12V-3S 285 47,7 3,6  1,54 1162  0,0038 0,704452 ± 7 0,704402 
P12V-10S 70 46,0 3,3  0,96 1166  0,0024 0,704478 ± 7 0,704447 
P12V-14S 75 44,1 2,8  0,83 1133  0,0021 0,704497 ± 6 0,704469 
P12V-14S 96 43,2 4,6  2,21 1092  0,0059 0,704458 ± 6 0,704381 
P12V-8L 80 46,0 4,0  1,17 1130  0,0030 0,704439 ± 8 0,704400 
 
 
Figure II-12. Spatial distribution of 87/86Sr(920) in 
plagioclase from cross section 1200 and 1600 and 
location of the LCZ and UCZ in the Tellnes ilmenite 
deposit. Only the three last decimals of the ratios are 
indicated. 
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P12V-8L 82 42,7 5,6  2,64 1051  0,0073 0,704507 ± 6 0,704411 
P12.5V-6S 180 47,7 3,3  1,05 1162  0,0026 0,704427 ± 7 0,704393 
P12.5V-6S 239 45,3 3,2  0,85 1152  0,0021 0,704396 ± 6 0,704368 
P12.5V-6S 264 39,3 7,1  4,05 964  0,0122 0,704693 ± 7 0,704533 
P16V-3S 7 46,4 3,2  0,92 1151  0,0023 0,704520 ± 8 0,704490 
P16V-3S 47 46,8 3,3  1,17 1166  0,0029 0,704497 ± 6 0,704459 
P16V-3S 84 47,1 3,2  0,80 1166  0,0020 0,704505 ± 6 0,704479 
P16V-3S 127 46,8 3,2  0,89 1168  0,0022 0,704464 ± 8 0,704435 
P16V-3S 166 47,1 3,1  0,61 1149  0,0015 0,704469 ± 7 0,704449 
P16V-3S 208 46,3 3,6  1,18 1141  0,0030 0,704475 ± 6 0,704436 
P16V-3S 231 46,5 3,7  1,20 1143  0,0030 0,704487 ± 7 0,704447 
                      
Initial isotopic compositions at 920 Ma        




2.2.3. Whole-rock compositions 
 
Ninety seven new whole-rock analyses (Table II-3) are plotted in major element binary diagrams 
(Figure II-13) together with mining data. SiO2 and TiO2 have been chosen as variation indices, as SiO2 
is essentially correlated with the modal abundance of plagioclase and orthopyroxene and TiO2 reflects 
the amount of ilmenite. The distribution of the new analyses mimics the variation of mining data, 
except for some plagioclase-rich samples from the mining database. These plagioclase-rich samples 
consist of mixtures of the ore and the host anorthosite or anorthositic xenoliths and are thus not 
representative of rocks from the Tellnes ilmenite deposit. 
 
Compositional ranges of cumulus minerals (plagioclase, ilmenite, orthopyroxene and olivine) 
are represented by a circle or indicated by an arrow. One of the rock samples from the LMZ (jot) has 
been circled. This sample 12.5V-6S (264) has the lowest TiO2 and FeOtot and the highest SiO2 and 
CaO of our suite of samples. It is also characterized by the highest P2O5 (0.69%, Table II-3). The 
texture (Figure II-5D) and composition of this sample are similar to jotunites described from 
elsewhere in the Rogaland Anorthosite Province (Table II-4). These jotunites (hypersthene 
monzodiorites rich in FeO and TiO2 and relatively low in CaO) have been called “primitive jotunites” 
by Vander Auwera et al. (1998b) because they are the least differentiated jotunites observed in 
Rogaland. Similar compositions are referred to as ferrodiorites or monzonorites by other authors (e.g., 
Mitchell et al., 1996) and are commonly associated with massif-type anorthosites. In the Rogaland 
Anorthosite Province, these rocks are found as dykes (Duchesne et al., 1974, 1985b, 1989), as chilled 
margins of plutons such as Hidra and the Bjerkreim-Sokndal layered intrusion (Demaiffe and 
Hertogen, 1981; Duchesne and Hertogen, 1988; Robins et al., 1997), or as pillows in the Apophysis 
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Figure II-13. Binary major elements variation diagrams of bulk cumulates from the Tellnes ilmenite deposit. The 
compositional ranges of cumulus minerals (plag = plagioclase, ilm = ilmenite, opx = orthopyroxene, ol = olivine) 
are represented by a elliptic area or indicated by an arrow. The circled triangle is sample 12.5V-6S (264) (jot = 
jotunite). Other jotunites are from Table II-4. Calculated adcumulate poles pi-C and piho-C are represented by a 
circle. 
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Table II-4. Composition of the marginal sample from the Tellnes deposit compared to selected primitive 
jotunites from the Rogaland Anorthosite Province. 
                                 
Sample 80.12.3a 80.12.4 80.12.1 91.14.1 70.20 200.2/2 72.34 HLCA TJ 
Reference 
12.5V-6S 
264 (4) (3) (3) (5) (1) (2) (1) (6) (6) 
Locality Tellnes Tjörn - BKSK BKSK BKSK BKSK Hidra Hidra Hidra   
                      
           
SiO2 46,84 49,39 49,27 49,57 50,38 48,00 48,68 49,53 50,0 49,5 
TiO2 5,39 3,67 5,22 4,95 4,62 4,61 4,12 3,82 1,85 3,46 
Al2O3 16,10 15,81 14,00 14,11 14,65 14,20 12,40 14,50 17,5 16,0 
FeOtot 13,07 13,11 14,31 13,55 13,20 14,90 16,62 13,68 10,8 13,1 
MnO 0,14 - 0,15 0,14 - 0,18 - - 0,15 0,13 
MgO 5,18 4,54 5,71 5,46 4,98 4,60 5,96 4,90 6,67 4,54 
CaO 7,15 6,87 6,18 6,21 7,01 6,41 6,04 6,00 8,78 6,82 
Na2O 4,10 3,50 3,72 3,57 3,53 3,65 3,24 3,50 2,93 3,65 
K2O 1,07 0,96 1,06 1,00 1,07 1,08 1,32 1,95 0,44 0,94 
P2O5 0,69 0,71 0,79 1,07 0,73 0,81 0,40 0,91 0,16 0,63 
Total 99,73 98,56 100,41 99,63 100,17 98,44 98,78 98,79 99,3 98,8 
           
FeO1 11,40 11,51 12,57 11,91 11,55 13,10 14,65 11,99 9,43 11,49 
Fe2O3
1 1,85 1,78 1,94 1,82 1,83 2,00 2,19 1,88 1,52 1,79 
           
mg# 0,414 0,382 0,416 0,418 0,402 0,355 0,390 0,390 0,524 0,382 
NAb 0,562 0,509 0,576 0,558 0,537 0,562 0,556 0,515 0,423 0,522 
NOr 0,096 0,092 0,108 0,103 0,107 0,109 0,149 0,189 0,042 0,088 
                      
References: (1) Duchesne et al. (1974); (2) Demaiffe (1977); (3) Duchesne et al. (1989); (4) Duchesne and Hertogen (1988); (5) 
Vander Auwera et al. (1998b); (6) Longhi et al. (1999) 




Compositional arrays are distributed within triangles or display well-defined linear trends. 
Samples from LCZ and UCZ are well discriminated by the MgO-content which is significantly higher 
in UCZ. This is a consequence of the presence of cumulus orthopyroxene and olivine in UCZ. 
Samples from LMZ and UMZ are relatively TiO2-poor and are closer to the jotunite composition. 
These diagrams clearly demonstrate that compositional variations in the rocks essentially result from 
the occurrence of cumulus orthopyroxene and olivine in the UCZ (in addition to plagioclase and 
ilmenite in the LCZ), and from the content of a trapped jotunitic liquid component that is more 





2.3.1. Sequence of crystallization: comparison with the Bjerkreim-Sokndal layered 
intrusion 
 
The Bjerkreim-Sokndal layered intrusion crops out in the central part of the Rogaland Anorthosite 
Province (Michot, 1965; Duchesne, 1987; Wilson et al., 1996). The lower part of this intrusion 
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consists of a 7000 m-thick series of cumulates (the “Layered Series”) and the upper part comprises 
acidic rocks, many of which are interpreted to represent liquid compositions (Duchesne and Wilmart, 
1997). All units of the AMC series are developed: anorthosite, troctolite, leuconorite, norite, 
gabbronorite, jotunite, mangerite, quartz mangerite and charnockite. The parental magma of this 
intrusion has a jotunitic composition (Duchesne and Hertogen, 1988; Vander Auwera and Longhi, 
1994; Robins et al., 1997). Detailed mapping and studies of mineral compositions (Michot, 1965; 
Duchesne, 1972; Nielsen and Wilson, 1991; Jensen et al., 1993; Nielsen et al., 1996; Jensen et al., 
2003; Wilson and Overgaard, 2005) as well as experimental studies on the jotunitic parental magma 
(Vander Auwera and Longhi, 1994) have resulted in a detailed picture of the sequence of 
crystallization and magma chamber processes (Figure II-14). The Layered Series has been subdivided 
into 5 megacyclic units (MCU IA, IB, II, III, and IV). Using the observed regressions in mineral 
compositions (Duchesne, 1972; Nielsen and Wilson, 1991; Jensen et al., 1993) and abrupt variations in 
isotope ratios (Nielsen et al., 1996; Barling et al., 2000), it has been shown that each MCU resulted 
from the crystallization of a new magma influx that mixed with residual resident liquid. Isotopic 
variations also provide evidence for continuous assimilation of surrounding gneissic rocks (Tegner et 
al., 2005). The sequence of crystallization in the Layered Series (Wilson et al., 1996) is usually: 
plagioclase, ilmenite, (or plagioclase + olivine + ilmenite + magnetite), orthopyroxene, magnetite, 
clinopyroxene together with apatite, and then pigeonite (instead of orthopyroxene). Fayalitic olivine 
reappears in the Transition Zone, followed by mesoperthite in mangerites and finally quartz appears in 
quartz mangerites. 
 
In the Tellnes deposit, the LCZ contains the most primitive cumulates and has plagioclase and 
ilmenite as cumulus minerals (pi-C). The LCZ would thus correspond to pi-C of zone a in Bjerkreim-
Sokndal. This suggests that parental magmas to both intrusions were related as they had the same 
liquidus minerals. Cumulus orthopyroxene and olivine appear in the UCZ. This sequence of 
crystallization differs from the Bjerkreim-Sokndal layered intrusion where orthopyroxene does not 
seem to have been in equilibrium with olivine. As discussed below, these dissimilarities can be easily 
explained by small differences in parental magma compositions. Apatite and clinopyroxene do not 
appear as cumulus minerals in Tellnes. Duchesne and Charlier (2005) have shown that apatite 
appeared in Bjerkreim-Sokndal as a liquidus phase when the proportion of residual liquid (F) was 
about 0.6. This implies that the Tellnes deposit corresponds to the early stage of evolution of a 
jotunitic magma and is only the lower part of a larger intrusion. More evolved cumulates are not 
observed at the present level of exposure. 
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Figure II-14. Cumulate stratigraphy of the Bjerkreim-Sokndal layered intrusion as developed in the northern part 
of the intrusion along the axial trace of the syncline. The intrusion is subdivided into 6 megacyclic units (MCU 
0, IA, IB, II, III and IV) in which compositional zones (a to f) are recognized. The compositional ranges of 
cumulus minerals are indicated (after Wilson et al., 1996). Cumulus assemblages following the nomenclature of 
Irvine (1982) in zones a to f : a = p(±i)-C; b = pimo-C; c = pih-C; d = pihm-C; e = pihmac-C; f = pih’mac-C. 
Mineral abbreviations: p = plagioclase; h = orthopyroxene; h' = inverted pigeonite; o = olivine; i = ilmenite; m = 




Toward the base of the Bjerkreim-Sokndal layered intrusion, a thick sequence of anorthositic 
cumulates (p-C) crystallized before pi-C, but such cumulates are absent in Tellnes. The origin of these 
anorthosites in MCU Ia and Ib has been discussed by Duchesne and Charlier (2005), who concluded 
that the parental magma of these units could have been different from the parental magma of MCU II 
to IV. Moreover, a higher TiO2 content in the Tellnes parental magma could have been responsible for 
the earlier saturation in ilmenite (Toplis and Carroll, 1995), preventing the crystallization of a large 
volume of anorthosite. 
 
Finally, the much higher proportion of ilmenite in Tellnes compared to Bjerkreim-Sokndal, 
where TiO2 in bulk cumulates is around 3.7 % on average (Duchesne and Charlier, 2005), necessitates 
either sorting and accumulation of ilmenite in the ore body or a significantly higher cotectic proportion 
of ilmenite in Tellnes due to different conditions of crystallization. 
 
 
II. The Tellnes ilmenite deposit 
70 
2.3.2. Sequence of crystallization: constraints from experimental studies and phase 
diagrams 
 
Experimental phase equilibrium data from 1 bar to 13 kbar for magmas related to Proterozoic 
anorthosite have been presented by Fram and Longhi (1992), Vander Auwera and Longhi (1994), 
Vander Auwera et al. (1998b) and Longhi et al. (1999). These phase diagrams for compositions TJ and 
HLCA, similar to the jotunite 12.5V-6S (264) (Table II-4), enable us to assess crystallization 
conditions for the Tellnes ilmenite deposit. Indeed, sample 12.5V-6S (264), is interpreted to represent 
the trapped liquid component of the ore. Much evidence also points to this composition being close to 
the parental magma of the intrusion. In addition to compositional similarities with other primitive 
jotunites in Rogaland (Table II-4), this fine-grained sample comes from the floor of the ore body, at 
the contact with the host anorthosite, exactly where the first injection of magma would have been 
quenched. 
 
 The progression of liquidus equilibria with pressure for the Tjörn composition (TJ, Table II-4) 
calculated from the algorithms of Longhi (1991) is presented in Figure II-15A. The Opx-Ol liquidus 
boundary is a peritectic from 1 bar to 5 kbar and becomes a cotectic at 7 kbar due to the reduction of 
the stability field of olivine with pressure. A similar shift of the Opx-Ol liquidus boundary is observed 
in Figure II-15B for a different magma (HLCA, Table II-4) at the same crystallization pressure of 5 
kbar. Higher mg-number and anorthite content of the normative feldspar have a similar effect on the 
position of the Opx-Ol liquidus boundary as increasing pressure (Longhi et al., 1999). 
 
Discrepancies between the evolution in Bjerkreim-Sokndal (peritectic reaction of 
orthopyroxene and olivine) and in Tellnes (cotectic relation between orthopyroxene and olivine) can 
be explained by slightly different parental magma composition and/or by different pressure of 
emplacement. At the base of MCU III and IV of Bjerkreim-Sokndal (Figure II-14), the sequence of 
crystallization is plagioclase + olivine (+ ilmenite, + magnetite), then plagioclase + orthopyroxene (+ 
ilmenite, - magnetite) followed by plagioclase + orthopyroxene + clinopyroxene (+ ilmenite, + 
magnetite, + apatite). This path is reproduced in Figure II-15C for fractional crystallization of the TJ 
parental magma at 5 kbar. The sequence in Tellnes, where plagioclase (+ ilmenite) is followed by 
plagioclase + orthopyroxene + olivine (+ ilmenite) is displayed in Figure II-15D for fractional 
crystallization of the TJ parental magma at 7 kbar, and in Figure II-15E for fractional crystallization of 
the HLCA parental magma at 5 kbar. The simultaneous appearance of orthopyroxene and olivine in 
Tellnes results from the position of the melt on the Opx-Ol cotectic. The cotectic proportion of olivine 
to orthopyroxene is small which is consistent with the relatively low abundance of cumulus olivine in 
the upper part of Tellnes. 
 




Figure II-15. Liquidus equilibria for magmas related to massif-type anorthosites projected from the Pl, Or and 
Ilm components onto the Ol-Qtz-Wo plane and calculated from the algorithms of Longhi (1991), modified after 
Longhi et al. (1999). (A) Progression of liquidus equilibria for TJ-like compositions (samples 80.12.3A) from 1 
bar to 10 kbar. (B) Comparison between liquidus equilibria at 5 kbar for HLCA and TJ compositions. (C) 
Fractional crystallization path for a TJ parental magma at 5 kbar reproducing the crystallization sequence of 
Bjerkreim-Sokndal; (D) Fractional crystallization path for a TJ parental magma at 7 kbar reproducing the 
crystallization sequence of Tellnes. (E) Fractional crystallization path for a HLCA parental magma at 5 kbar 
reproducing the crystallization sequence of Tellnes. (Symbols: pl plagioclase, ol olivine, opx orthopyroxene, cpx 
clinopyroxene, ilm ilmenite, gar garnet, sp spinel, sil silica phase). 
 
 
Whether the pressure of crystallization (5 vs. 7 kbar; Figure II-15D) or the composition of the 
parental magma (Figure II-15E) is responsible for differences in the sequence of crystallization in the 
Bjerkreim-Sokndal layered intrusion compared to Tellnes may be assessed through liquidus phases in 
these two intrusions and in experimental products from the crystallization of TJ and HLCA. The TJ 
composition (at 5 kbar) crystallizes plagioclase An48 and olivine Fo65 (Vander Auwera and Longhi, 
1994). In Tellnes, the composition of liquidus plagioclase reaches An56 (see below) and olivine in the 
UCZ is around Fo80 (Wilmart et al., 1989) and may reach Fo84 (Charlier, unpublished data). These 
values are slightly more primitive than in the Bjerkreim-Sokndal layered intrusion were the most 
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primitive compositions reported by Wilson et al. (1996) are An54 and Fo77. These values for Tellnes 
and Bjerkreim-Sokndal are closer to the composition of liquidus phases produced by the 
crystallization of the HLCA composition at 5 kbar: An64, Fo76 (Fram and Longhi, 1992). In Tellnes, 
the higher Mg# of the melt when olivine appears in the UCZ probably results from the fractionation of 
plagioclase and ilmenite in the LCZ, both MgO-poor. 
 
Consequently, we consider that the Tellnes parental magma was more primitive (higher Mg # 
and more anorthitic) than the TJ composition of Vander Auwera and Longhi (1994). These authors 
also concluded that TJ is too evolved to be parental to Bjerkreim-Sokndal. However, the Tellnes 
parental magma has jotunitic affinities and is probably close to the marginal sample 12.5V-6S (264) 
(Table II-4) and slightly more primitive than the Bjerkreim-Sokndal parental magma. The more 
primitive character of the Tellnes parental magma is responsible for the cotectic orthopyroxene-olivine 
liquidus boundary in Tellnes. The pressure of crystallization is thus inferred to be the same for Tellnes 
and Bjerkreim-Sokndal, around 5 kbar. 
 
 
2.3.3. Compositional variations of plagioclase and whole-rocks 
 
A primary cryptic compositional variation of plagioclase due to fractional crystallization would be 
expected from LCZ to UCZ. Similarly, whole-rock compositions are believed to be influenced by the 
change in phase relations (+ orthopyroxene and + olivine). Moreover, the presence of variable 
proportions of trapped liquid in Tellnes is shown by petrographical considerations and by the range of 
P2O5 contents. The crystallization of trapped liquid is known to potentially have a major influence on 
the compositions of cumulus minerals (“the trapped liquid shift” of Barnes, 1986b) and of the bulk 
cumulates. 
 
Plagioclase compositions plotted in various diagrams (Figure II-11) display well defined 
linear trends. This feature can be interpreted as the result of two-component mixing. One component, 
called the “primitive pole”, has the approximate composition An48, Or3.0, 1170 ppm Sr and 150 ppm 
Ba. This represents plagioclase from the most primitive samples in the central zones which have low 
bulk P2O5 contents and are interpreted to be the closest preserved approximation to the primary 
cumulus plagioclase composition. The second component, called the “evolved pole”, has the 
composition of plagioclase in 12.5V-6S (264): An39.3, Or7.1, 964 ppm Sr, and 355 ppm Ba. As 
mentioned above, sample 12.5V-6S (264) is interpreted as representing a liquid composition with 
jotunitic affinities. The range of plagioclase composition can thus be interpreted as a result of mixing 
between cumulus plagioclase (“primitive pole”) and plagioclase that crystallized from the trapped 
liquid (“evolved pole”). All intermediate compositions are observed. Samples from the margins of the 
ore body are closer to the “evolved pole” whereas samples from the centre are nearer to the “primitive 
pole”. This reflects a higher proportion of trapped liquid at the margins than in the centre of the body. 
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Triangular patterns of whole-rocks 
composition can be interpreted similarly but three 
poles are necessary (Figure II-13). The first pole 
has the composition of sample 12.5V-6S (264), 
and represents the trapped liquid component of 
the bulk cumulates. The second pole is 
represented by a TiO2-rich cumulate, close to that 
of LCZ. This pole thus belong to a group of rocks 
which have plagioclase and ilmenite as cumulus 
minerals (pi-C), with zero trapped liquid. The 
third pole is MgO-rich and is close to cumulates 
of the UCZ where plagioclase, ilmenite, orthopyroxene and olivine are cumulus minerals (piho-C) and 
the trapped liquid fraction is zero. Linear trends simply result from the alignment of the three poles 
(e.g. TiO2-SiO2, Figure II-13). The compositions of plagioclase in LCZ and in UCZ are not 
significantly different (Figure II-10) and plot on a single linear trend (Figure II-11) because the 
trapped liquid shift overprints the effects of fractional crystallization. Samples from the UCZ do not 
display a simple linear trend in bulk cumulate compositions between a pure adcumulate and the 
jotunite composition. This results from the increasing proportion of orthopyroxene upwards through 
the UCZ (see Table II-1). 
 
Table II-5. Composition and mineral proportions of 
theoretical adcumulate poles of the Tellnes ilmenite 
deposit 
          
     
 Pole pi-C  Pole piho-C (1) Pole piho-C (2) 
          
     
Major elements composition of bulk adcumulates (wt.%) 
     
SiO2 23,0   25,0  25,0  
TiO2 25,3   24,5  23,0  
Al2O3 12,5   10,0  8,0  
FeOtot 26,0   27,0  28,0  
MnO 0,12   0,13  0,15  
MgO 2,5   5,5  9,0  
CaO 4,5   3,5  3,0  
Na2O 2,5   2,2  2,0  
K2O 0,2   0,2  0,2  
P2O5 0,0   0,0  0,0  
Total 96,62   98,03  98,35  
     
Proportions of cumulus minerals (wt.%)1  
     
Plag 46  37 30 
Ilm 54  52 49 
Opx+Ol 0  11 21 
          1 Calculated with Al2O3 in plagioclase, TiO2 in ilmenite; Opx + Ol 
by difference 
     
 
Figure II-16. (A) MgO vs. P2O5 for bulk cumulates 
from the Tellnes ilmenite deposit with the calculated 
proportion of trapped liquid assuming 0 % liquid 
component for 0 % P2O5 and 100 % in the jotunite 
representing the trapped liquid composition (TL) 
(Same legend as Figure II-13). (B) An content of 
plagioclase vs. P2O5 of the bulk cumulates of the 
Tellnes ilmenite deposit with the calculated proportion 
of trapped liquid assuming 0 % liquid component for 
0 % P2O5 and 100 % in the plagioclase from the 
jotunite (TL). 
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The composition of these cumulate poles and their relative proportions of cumulus phases are 
calculated by subtracting the effect of the trapped liquid from the bulk cumulate compositions. This 
can be done by assuming that a pure adcumulate does not contain any P2O5. The intercept for 0 % 
P2O5 gives the composition of the pure adcumulate. This is illustrated on Figure II-16A for MgO. The 
composition and the average modal proportions of cumulus minerals for the two types of cumulates 
(pi-C and piho-C) is given in Table II-5. For pi-C, the linear trend between the adcumulate and the 
trapped liquid compositions (Figure II-16A) is well-defined which means that the relative proportion 
of cumulus plagioclase and ilmenite (p: 44 wt.%; i: 56 wt.% ) remains constant. The variability of 
plagioclase/ilmenite proportions in bulk cumulates results from variable contents of trapped liquid, 
which has a higher plagioclase/ilmenite proportion than the cumulus assemblage. The trend is more 
variable for piho-C, particularly for MgO (Figure II-13). This results from the continuous increase in 
the modal proportion of orthopyroxene towards the top of the UCZ. In this case, an increase in the rate 
of orthopyroxene accumulation in the course of crystallization is suspected. Two different proportions 
have therefore been calculated. The first one, piho-C (1) (p: 37 wt.%; i: 52 wt.%; h+o: 11 wt.%) 
represents the proportions of cumulus phases at the appearance of cumulus orthopyroxene and olivine, 
and the second one, piho-C (2) (p: 30 wt.%; i: 49 wt.%; h+o: 21 wt.%), are the proportions for the 
most evolved cumulates observed in Tellnes. There is a continuous gradation in modal proportions 
from the first to the second. 
 
 
2.3.4. Abundance, role and compositional variation of trapped liquid 
 
The trapped liquid proportion can be quantitatively estimated with the following method. As apatite is 
interstitial and the P2O5 content of the cumulus minerals (plagioclase, ilmenite, orthopyroxene and 
olivine) can be neglected, we can assume that all P2O5 is present in the trapped liquid. Knowing that 
sample 12.5V-6S (264), which is considered to represent the composition of the trapped liquid, has 
0.69% P2O5, it is possible to calculate the proportion of trapped liquid in each sample. In bulk 
cumulates, P2O5 ranges from 0.16 to 0.58%, corresponding to a proportion of trapped liquid between 
23 and 83%. Graphically, the amount of trapped liquid can illustrated in the diagram MgO-P2O5 
(Figure II-16A). The higher proportion of trapped liquid in samples from marginal zones results from 
a higher rate of cooling near the margins with the host anorthosite, preventing the migration of trapped 
liquid and resulting in a chilled margin. The proportion of trapped liquid can also be calculated by 
comparing plagioclase compositions with the P2O5 content of the bulk cumulate (Figure II-16B). In 
this case, the presence of trapped liquid decreases the An content of the bulk plagioclase composition. 
The unmodified composition of cumulus plagioclase as obtained for 0 % trapped liquid (0 % P2O5) 
varies between An47 and An56. This range of plagioclase compositions is close to the data for the most 
primitive cumulates of the Bjerkreim-Sokndal layered intrusion (Figure II-14), but slightly more 
calcic. This justifies the interpretation from phase diagrams that the Tellnes parental magma was 
slightly more primitive compared to the Bjerkreim-Sokndal parental magma. 
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The spatial distribution of the trapped 
liquid fraction is shown in Figure II-17 for 
section 1600. This trapped liquid fraction 
decreases continuously from the margin to the 
centre of the ore body. At >100 m from the 
contact, the trapped liquid fraction seems to 
stabilize around 30%. Following the 
terminology of Irvine (1982), cumulates from 
Tellnes are mainly orthocumulates (the trapped 
liquid fraction is between 25 and 50%). This is 
surprising in view of the depth of emplacement 
(5 kbar) and presumably a relatively slow rate 
of crystallization. 
 
Calculations of the trapped liquid 
fraction have been done under the assumption 
that the trapped liquid maintains the same 
composition. However, fractional crystallization causes P2O5 enrichment in the residual liquid until 
cumulus apatite appears. So, in more evolved cumulates, and particularly in piho-C, the P2O5 content 
of the magma was higher than in the magma crystallizing pi-C cumulates. The calculated proportion of 
trapped liquid is, therefore, increasingly overestimated upwards. To estimate the maximum error, we 
can consider that the most evolved cumulate at the top of section 1600 (Figure II-17) crystallized when 
the fraction of residual liquid was 0.6, which is the maximum on the arrival of cumulus apatite by 
analogy with Bjerkreim-Sokndal (Duchesne and Charlier, 2005). For incompatible elements, the liquid 
composition (Cliq) follows the simplified Rayleigh equation Cliq=C0/F=1.15 (for F=0.6) where C0 is the 
P2O5 content (=0.69%) in the parental magma. The trapped liquid fraction in cumulates from the upper 
part of section 1600 (P2O5=ca. 0.22%) is thus 19% and not around 32 %. The calculated trapped liquid 
fractions with this correction are shown in Figure II-17. 
 
 
2.3.5. Cotectic proportions or sorted cumulates? 
 
One of the main questions concerning the formation of the ore is how ilmenite was concentrated and 
why the proportion of ilmenite to plagioclase is so high. Mineral sorting is a process that may be 
responsible for compositional variations. Therefore it is important to determine if the relative 
proportions of cumulus minerals represent cotectic proportions or not, i.e. whether the cumulates have 
been sorted. In Tellnes, and particularly in the LCZ, variations in whole-rock compositions (Figure II-
13) cannot be explained by a variable content of one of the cumulus minerals because trends do not 
always point towards either plagioclase or ilmenite. Moreover, whole-rock compositions are always 
restricted to well-defined triangles in different diagrams, and the most important cause of 
compositional variability seems to be the proportion of trapped liquid. However, as previously 
 
Figure II-17. P2O5 in bulk cumulates and trapped 
liquid fraction (P2O5 in bulk cumulate / P2O5 in the 
parental magma) as a function of the depth (m) in drill 
core 16V-3S. The dotted line represents the trapped 
liquid fraction corrected for the P2O5 increase of the 
trapped liquid due to fractional crystallization of the 
parental magma. Each mining data corresponds to 6 m 
of the drill core (number of sample = 41). 
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mentioned, the proportion of ilmenite in Tellnes is higher compared to its proportion in Bjerkreim-
Sokndal. Moreover, even if the experimentally estimated cotectic proportions of Toplis and Carroll 
(1995) vary with temperature and oxygen fugacity, the ilmenite abundance is never higher than 6.5 
vol%. This points to significant ilmenite accumulation in Tellnes where the ilmenite proportion can 
reach ca. 40 vol% in the LCZ. This issue is further discussed by Charlier et al. (2007) who have 
calculated that the cotectic proportion of ilmenite in Tellnes is close to 17 wt.% by modelling ilmenite 
composition with the Rayleigh equation. 
 
The ore body represents the lower part of a larger intrusion. This must be borne in mind when 
considering possible magma chamber processes. The unexposed upper part of the ore body may 
contain a large amount of plagioclase which could have accumulated due to its buoyancy in the 
relatively dense melt (ca. 2.75, Vander Auwera et al., 2006). However, because the cumulus 
plagioclase/ilmenite proportions remain globally constant, the amount of plagioclase removed by 
flotation must have been kept constant throughout the course of crystallization of the exposed part of 






The Tellnes ilmenite deposit is not an homogeneous ore body. Study of three N-S cross-sections 
reveals systematic variations in the cumulus assemblage. In the lower part (LCZ), plagioclase and 
ilmenite are the only cumulus minerals, followed by the appearance of orthopyroxene and olivine in 
the upper part (UCZ). Marginal Zones (UMZ and LMZ) are characterized by high plagioclase and 
apatite contents and lower proportions of ilmenite. Phase diagrams for magmas related to massif-type 
anorthosites reproduce the sequence of crystallization observed in Tellnes for fractional crystallization 
of a primitive jotunite at 5 kbar. The parental liquid for the ore body, identified by the occurrence at 
the base of the intrusion of a fine-grained rock at the contact with the host anorthosite, has a jotunitic 
composition slightly more primitive (more anorthitic and higher Mg#) than that of the Bjerkreim-
Sokndal layered intrusion. Exposed cumulates in Tellnes correspond to the first stage of evolution of a 
jotunitic magma. The ore body is thus interpreted as the lower part of a larger intrusion. 
 
The proportion of trapped liquid is the main cause of variability of the compositions of 
plagioclase and bulk cumulates. Estimation of the trapped liquid proportion reveals that it varies from 
about 20 to 80%. This proportion is greater at the margins where the cooling rate was higher, and it 
continuously decreases towards the centre of the ore body. Constant Sr isotopes ratios preclude 
significant contamination and give no evidence of magma mixing. The proportion of ilmenite, up to 50 
wt.% in the LCZ, is not cotectic. A higher rate of ilmenite accumulation, due to plagioclase buoyancy 
in a dense jotunitic melt is invoked. 
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3. Ilmenite composition in the Tellnes deposit: fractional 




This chapter corresponds to the paper published in Contributions to Mineralogy and 
Petrology: 
 
Charlier, B., Skår, Ø., Korneliussen, A., Duchesne, J.-C., Vander Auwera J., 2007. Ilmenite 
composition in the Tellnes Fe-Ti deposit, SW Norway: fractional crystallization, postcumulus 





Ilmenite is an early liquidus phase crystallizing after plagioclase in many rocks associated with 
Proterozoic massif-type anorthosites. It is an excellent monitor of crystallization and fractionation 
processes because it contains both compatible (Cr and V) and incompatible elements (Mn, Nb, Ta, Zr 
and Hf). The interpretation of primary ilmenite compositions is, however, complicated by postcumulus 
re-equilibration (trapped liquid crystallization, exsolution, reaction with magnetite and silicates). From 
the economic point of view, industrial ilmenite processing is extremely sensitive to the major and trace 
elements composition, and particularly to the pollutants Cr and Mg. 
 
The present study of ilmenite composition from XRF analyses of ilmenite separates and from 
in situ LA-ICP-MS further refines our understanding of igneous processes in the Tellnes ilmenite 
deposit. It shows the relative contribution of the four main factors, fractional crystallization, liquidus 
mineralogy, trapped liquid fraction and postcumulus re-equilibration, in controlling the ilmenite 
composition. The amount of MgO in ilmenite and its distribution between ilmenite and melt is 
examined in detail and compared to the composition of liquidus ilmenite in experiments on 
ferrobasalts (Snyder et al., 1993; Vander Auwera and Longhi, 1994; Toplis and Carroll, 1995). The 
origin of the high amount of ilmenite in the Tellnes deposit is discussed in the light of modelling the 
variation of ilmenite composition using the Rayleigh equation and calculations of cotectic proportions. 
The crystallization of small amounts of magnetite and its influence on ilmenite composition is also 
examined. Finally, new light is shed on the age of the Tellnes ilmenite deposit, which hitherto has 
been believed to be 10 Ma younger than other plutons of the Rogaland Anorthosite Province (Schärer 
et al., 1996). 
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Figure II-18. (A) Location of the three selected cross sections on the geological map of the Tellnes ilmenite 
deposit; (B-D) Spatial distribution of selected drill holes and samples (numbers give their depth) for ilmenite 
analyses in cross sections 1600, 1200 and 800 (open circles are XRF analyses on mineral separates, filled circles 
are LA-ICP-MS in situ analyses and stars have been analysed by both methods). The dashed base of section 800 
has not been intersected by drilling and is inferred. LCZ = Lower Central Zone; UCZ = Upper Central Zone; 
UMZ = Upper Marginal Zone; LMZ = Lower Marginal Zone. 
 
 
3.2. Analytical procedures 
 
Twenty one samples have been selected from cross-sections 1200 and 1600 for mineral separation 
(Figure II-18). Separation of ilmenite (60-150 µm) was performed using heavy liquids (bromoform 
and Clerici’s solution) and a Frantz isodynamic magnetic separator. Final purification was achieved by 
hand-picking under the microscope. Samples ground in an agate mortar were analysed for major 
elements (Si, Ti, Al, Fe, Mn, Mg) by XRF on lithium-borate fused glass and for trace elements (V, Cr, 
Zr, Nb) on pressed powder pellets (Table II-6). International Fe-Ti oxide reference materials (SARM 
59 and 12, IGS 31 and 32, GBW 07226), samples 16716 G/91, V4-1, 16717 provided by TITANIA 
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Ilmenite from 29 samples in sections 800 and 1200 was also analysed in polished rock slabs 
by LA-ICP-MS at the Geological Survey of Norway (Table II-7) using a Finnigan ELEMENT 1 single 
collector high resolution instrument alimented by a Finnigan 266 nm UV-laser. The laser was operated 
at a frequency of 10 Hz and an energy of about 1.0 mJ. A beam of 20 µm in diameter was rastered 
over an area of about 100 x 200 µm at the surface of selected ilmenite grains. This method provides an 
analysis of the bulk composition of ilmenite including hematite exsolution lamellae. Helium gas (0.4 l 
min-1) was used to flush the sample chamber, and mixed with Ar gas (0.9 l min-1) for introduction of 
the aerosol in the ICP-MS. Each composition reported is an average of 3 to 6 analyses. Ilmenite grains 
in a single sample display very homogeneous compositions. 
 
Table II-7. LA-ICP-MS analyses of ilmenite from the Tellnes deposit. 
                              
 Zone SiO2 TiO2 Al2O3 MnO MgO V Cr Zr Hf Nb Ta TiO2 WR
a P2O5 WR
a 
                              
               
Ilm 8V-4N (238) UCZ 0,04 47,31 0,10 0,26 3,99 1275 647 73 6,4 55 5,0 19,04 0,23 
Ilm 8V-6N (67) UMZ 0,03 45,61 0,08 0,30 1,94 1144 455 41 4,4 76 6,3 12,17 0,45 
Ilm 8V-2S (65) UCZ 0,09 46,24 0,09 0,24 2,71 1297 630 45 4,1 69 5,9 16,08 0,35 
Ilm 8V-2S (158) UCZ 0,14 47,50 0,08 0,28 3,61 1059 360 40 4,0 63 5,4 16,37 0,35 
Ilm 8V-7S (140) LMZ 0,05 46,49 0,09 0,26 3,20 1350 953 41 3,1 63 5,2 17,44 0,43 
Ilm 8V-7S (180) LCZ 0,02 46,91 0,05 0,28 3,06 1443 869 15 1,8 63 5,0 17,96 0,38 
Ilm 8V-9S (44) UCZ 0,02 46,44 0,06 0,28 2,22 1245 388 42 5,0 74 5,7 15,01 0,18 
Ilm 8V-9S (130) UCZ 0,06 47,24 0,09 0,25 4,27 1317 652 80 5,7 59 5,1 19,27 0,22 
Ilm 8V-9S (187) LCZ 0,04 46,57 0,08 0,24 4,44 1404 1011 63 5,7 47 4,5 18,91 0,23 
Ilm 8V-9S (240) LCZ 0,08 47,16 0,10 0,25 3,68 1413 1325 29 1,5 51 4,5 20,98 0,25 
Ilm 8V-9S (298) LCZ 0,03 46,39 0,16 0,26 3,82 1339 1460 53 3,6 49 4,1 18,17 0,32 
Ilm 8.2V-9S (69) UCZ 0,06 47,85 0,09 0,27 4,03 1287 413 54 4,9 62 5,0 17,07 0,22 
Ilm 12V-13N (140) LMZ 0,08 45,17 0,09 0,36 1,95 1259 453 8 1,1 64 5,0 9,33 0,39 
Ilm 12V-3S (29) UCZ 0,06 47,35 0,05 0,39 3,75 1105 272 28 2,9 61 5,1 14,42 0,23 
Ilm 12V-3S (154) UCZ 0,04 47,04 0,06 0,35 3,92 1343 500 53 5,9 57 4,8 17,79 0,24 
Ilm 12V-3S (230) LCZ 0,03 46,67 0,07 0,31 4,19 1528 907 51 4,7 53 4,5 18,33 0,21 
Ilm 12V-9S (77) UCZ 0,07 47,95 0,07 0,31 4,38 1186 456 58 6,6 51 4,4 17,39 0,20 
Ilm 12V-10S (110) LCZ 0,03 46,85 0,05 0,28 4,04 1371 943 37 3,9 49 4,2 17,89 0,28 
Ilm 12V-7L (10) UCZ 0,02 48,01 0,07 0,31 4,29 1211 406 21 1,9 53 4,4 18,19 0,21 
Ilm 12V-7L (47) UCZ 0,05 46,82 0,08 0,35  1356 639 18 1,6 77 6,3 15,41 0,39 
Ilm 12V-8L (40) UCZ 0,03 46,84 0,08 0,33  1346 505 33 4,6 69 5,5 16,95 0,30 
Ilm 12.5V-6S (180) LCZ 0,06 47,11 0,07 0,28 4,17 1491 1227 45 2,6 52 4,4 19,30 0,27 
Ilm 12.5V-6S (239) LCZ 0,04 45,96 0,07 0,31 3,47 1567 2092 60 5,8 52 4,4 16,73 0,37 
Ilm 12.5V-6S (264) LMZ 0,06 45,56 0,07 0,54 0,54 1090 90 36 6,3 107 6,9 5,39 0,69 
Ilm 12.5V-2L (5) UCZ 0,64 47,02 0,08 0,35  1330 404 48 3,6 67 5,8 18,08 0,20 
Ilm 00-30C UMZ 0,02 44,27 0,07 0,34  1432 1123 55 6,5 98 7,0 10,95 0,57 
                              
Major elements in weight percent (wt.%), trace elements in parts per million (ppm); samples in italics have also been analysed by XRF 
aTiO2 and P2O5 content (wt.%) of bulk cumulates      
               
 
Zr, Hf and Ta were measured in the nominal mass resolution settings of 300 M/∆M (Low 
Resolution), whereas all the other elements where measured in 3000 M/∆M (Medium Resolution) to 
avoid interference problems. The measurement time of each analysis was 30 s of gas blank acquisition 
and 60 s data acquisition for the sample. For Mn, Mg, V, Cr, Zr, Hf and Nb, the synthetic titanite glass 
standard (TIT-200) (Ødegaard et al., 2005) was used as external standard, and Ti as internal standard. 
For the elements Al, Si and Ta, the NIST 612 was used as external standard and Nb as internal 
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standard. Mg was not determined in six samples due to analytical problems. For data reduction the 
GLITTER (www.glitter-gemoc.com/) software package (van Achterberg et al., 2001) was used. The 
calibration standards were analysed at the beginning and at the end of each sequence. To control the 
accuracy and precision of the analysis, the international standard BHVO-2 was analysed together with 
the unknown samples. From the repeated analysis of the BHVO-2 standard the accuracy of the trace 
elements V, Cr, Zr and Nb are in the range 1-7%. The accuracy is 16% for Hf and 20% for Ta. The 
relative standard deviation for all trace elements are <10% except for Zr (17%). Six samples have been 
analysed by both analytical methods. Results obtained by XRF and LA-ICP-MS are extremely similar, 
except for Mn, which is 20% higher with LA-ICP-MS and for Zr, which does not correlate (see 
interpretation below). 
 
Orthopyroxene separates (Table II-8) from LCZ and marginal zones were analysed for major 
elements by XRF on lithium-borate fused glass on pressed powder pellets. Orthopyroxene from UCZ 
was analysed by microprobe analyses performed on a Cameca SX50 at the University of Bochum 
(Germany) because of mineral separation contaminated by olivine. An accelerating voltage of 15 kV, a 
beam current of 15 nA and a focused beam were used. 
 
Table II-8. Orthopyroxene composition in the Tellnes ilmenite deposit. 
                        
 Zone  SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Total Mg # 
                        
            
XRF analyses on mineral separates         
Opx 12V-3S (230) LCZ  52,95 0,75 2,63 15,91 0,24 27,58 0,95 101,01 75,5 
Opx 12V-3S (285) LCZ  52,76 1,13 2,36 14,93 0,22 26,67 1,61 99,68 76,1 
Opx 12V-14S (75) LCZ  53,05 0,41 2,03 16,59 0,27 26,65 1,35 100,36 74,1 
Opx 12V-14S (96) LMZ  52,37 0,24 1,81 18,29 0,36 24,19 2,67 99,94 70,2 
Opx 12V-8L (80) UMZ  52,21 0,31 1,98 18,07 0,31 25,47 1,62 99,97 71,5 
Opx 12V-8L (82) UMZ  52,38 0,46 1,72 19,10 0,36 24,10 2,22 100,34 69,2 
Opx 12.5V-6S (180) LCZ  53,34 0,57 2,50 14,88 0,21 27,33 1,39 100,22 76,6 
Opx 12.5V-6S (239) LCZ  53,11 0,61 1,69 16,42 0,26 26,84 1,75 100,69 74,4 
Opx 12.5V-6S (264) LMZ  51,44 0,30 1,40 21,91 0,49 22,42 1,75 99,71 64,6 
Opx 16V-3S (166) LCZ  53,12 0,62 2,51 14,99 0,22 27,62 1,47 100,55 76,7 
Opx 16V-3S (208) LCZ  53,14 0,53 2,03 15,39 0,24 26,93 1,55 99,80 75,7 
Opx 16V-3S (231) LMZ  53,31 0,50 1,91 16,12 0,26 26,84 1,45 100,39 74,8 
            
Microprobe analyses  n*          
Opx 12V-13N (10) UCZ 7 52,89 0,19 2,10 16,12 0,29 26,41 0,72 98,85 74,5 
Opx 12V-3S (29) UCZ 7 53,32 0,19 1,99 16,00 0,26 26,51 0,72 99,13 74,7 
Opx 12V-3S (87) UCZ 8 53,14 0,21 2,14 15,19 0,24 27,18 0,63 98,89 76,1 
Opx 12V-3S (154) UCZ 12 53,24 0,19 2,06 15,26 0,25 27,08 0,61 98,80 76,0 
Opx 12V-9S (77) UCZ 7 53,51 0,19 2,05 15,42 0,21 26,80 0,84 99,02 75,6 
Opx 12V-10S (70) UCZ 6 52,98 0,18 2,01 15,97 0,26 26,65 0,65 98,84 74,8 
Opx 12V-7L (10) UCZ 8 52,83 0,22 2,14 15,79 0,26 26,75 0,66 98,78 75,1 
Opx 12.5V-2L (5) UCZ 8 52,85 0,20 2,12 15,71 0,27 26,61 0,71 98,59 75,1 
Opx 16V-3S (7) UCZ 13 53,16 0,21 2,11 15,69 0,26 26,90 0,66 99,10 75,3 
Opx 16V-3S (47) UCZ 15 53,21 0,21 2,14 15,58 0,26 26,91 0,69 99,15 75,5 
Opx 16V-3S (84) UCZ 11 53,22 0,20 2,19 15,31 0,25 27,17 0,63 99,09 76,0 
Opx 16V-3S (127) UCZ 14 53,33 0,21 2,18 14,93 0,25 27,54 0,64 99,21 76,7 
Opx 00-30C UMZ 5 52,72 0,16 1,40 19,50 0,41 23,83 1,02 99,04 68,5 
                        
* n is the number of analyses in each sample               




3.3.1. Ilmenite composition 
 
Data for major and trace element in ilmenite are 
reported in Tables II-6-7. Ilmenite in sample 
12.5V-6S (264), situated at the contact with the 
host anorthosite (Figure II-18C), has a different 
composition compared to other samples with, for 
example, lower MgO and Cr contents (0.54 wt.% 
and 93 ppm respectively) and higher MnO (0.44 
wt.%). This is consistent with the interpretation of 
this sample as representing the chilled parental 
magma of the deposit (Charlier et al., 2006). This 
composition is believed to result from equilibrium 
crystallization of a melt.  
 
The MgO content of ilmenite varies 
between 1.42 and 4.44 wt.% (Figure II-19). From 
the lower to the upper part, MgO first increases 
when plagioclase and ilmenite are cumulus 
minerals (LCZ) and then decreases when 
orthopyroxene and olivine appear as cumulus 
phases (UCZ). Samples from the marginal zones 
have systematically lower MgO contents. The 
hematite content varies slightly between Hem10 
and Hem14 and is systematically higher in samples 
from the margins of the ore body. 
 
Cr ranges from 2065 to 283 ppm (Figure 
II-19) and, as also shown by Figures II-8A-C, 
decreases continuously from the lower to the 
upper part of the intrusion. V (1192-1555 ppm) 
displays similar trends (not shown). Their 
compatible behaviour results from the high 
partition coefficients of these elements in ilmenite. 
Even if MnO, Nb, Ta, Zr and Hf are present in 
significant amount in ilmenite, these elements 
behave globally as incompatible components. The concentrations of these elements increase up to the 
top of the intrusion and they are enriched at the margin of the ore body. The ranges of composition are 
0.24 to 0.33 wt.% for MnO, 47-111 ppm for Nb (Figure II-19) and 4.1 to 7.0 ppm for Ta. Zr appears to 
have an unsystematic behaviour. Indeed, data from XRF and LA-ICP-MS analyses are completely 
 
 
Figure II-19. Cr (ppm), MgO (wt.%) and Nb (ppm) 
contents in ilmenite in sections 800, 1200 and 1600 
of the Tellnes ilmenite deposit. 
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uncorrelated. This inconsistency is further documented below. The LA-ICP-MS Hf analyses correlate 
with the LA-ICP-MS Zr analyses and ranges from 1.1 to 8.5 ppm. Sc displays a very restricted range 
of concentration from 27 to 49 ppm and its variation is closer to the other incompatible elements. 
 
 
3.3.2. Orthopyroxene composition 
 
The Mg# of orthopyroxene (Figure II-
20) is rather homogeneous in the 
central parts of the ore body (Mg#=75-
76) and is significantly lower in 
marginal zones, down to Mg#=65. No 
systematic evolution with stratigraphic 
height may be clearly evidenced. 
 
Figure II-20. Mg# of orthopyroxene in sections 1200 and 1600 of 






3.4.1. The composition of cumulus ilmenite 
 
Variations of ilmenite compositions are primarily considered to result from fractional crystallization. 
However, in cumulates from the Tellnes ilmenite deposit, the trapped liquid fraction (TLF) is a main 
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controlling factor on plagioclase and bulk cumulate compositions (Charlier et al., 2006). The TLF 
varies between 20 and 80% and is higher at the margins of the ore body. It reaches 100% in the chilled 
sample 12.5V-6S (264). This trapped liquid is responsible for the lower ilmenite content at the 
margins with the anorthosite due to the dilution effect of an increasing proportion of trapped liquid 
poorer in TiO2 than the cumulus assemblage. Consequently, the composition of the cumulus ilmenite 
must also be influenced by the trapped liquid. The ilmenite composition obtained from the 
mineralogical separates is representative of the composition of cumulus ilmenite plus a variable 
proportion of ilmenite crystallized from trapped liquid, either as overgrowths or as new discrete grains. 
LA-ICP-MS data are also considered to represent the composition of re-equilibrated ilmenite because 
they are homogeneous in a single sample. Any possible original primary zoning and/or overgrowth on 
cumulus ilmenite have been completely obliterated by diffusion and recrystallization. 
 
Knowledge of the primary composition of cumulus ilmenite is crucial for the reconstruction of 
fractionation processes. This composition of the cumulus ilmenite (Ccum ilm) can be calculated by mass 
balance. The concentration C of any element in analysed ilmenite (Cbulk ilm) is: 
Cbulk ilm = Ccum ilm · Xcum ilm + Cinterst ilm · Xinterst ilm 
and its concentration in cumulus ilmenite is: 
Ccum ilm =(Cbulk ilm – Cinterst ilm · Xinterst ilm) / Xcum ilm 
with Cinterst ilm the concentration of any element in ilmenite crystallized from the trapped liquid, Xcum ilm 
and Xinterst ilm the fraction of cumulus and interstitial ilmenite respectively of the bulk ilmenite content 
in the cumulate, with: 
Xinterst ilm = 1 - Xcum ilm 
This fraction of cumulus ilmenite is:  
Xcum ilm = TiO2 cum / TiO2 bulk 
with TiO2 cum being the TiO2 contribution of the cumulus assemblage to the TiO2 content of the bulk 
cumulate (TiO2 bulk, Tables II-6-7), which may be expressed as: 
TiO2 cum = TiO2 bulk - TiO2 interst 
with TiO2 interst being the TiO2 contribution of the trapped liquid to the TiO2 content of the bulk 
cumulate (TiO2 bulk). If we know the trapped liquid fraction (TLF) and its TiO2 content (TiO2 TL), we 
can obtain TiO2 interst: 
TiO2 interst = TiO2 TL · TLF 
The trapped liquid fraction (TLF) in each cumulate can be calculated from the P2O5 content of bulk 
cumulates (P2O5 bulk; Tables II-6-7) since P2O5 in the trapped liquid (P2O5 interst) is exclusively present 
in intercumulus apatite: 
TLF = P2O5 bulk / P2O5 interst 
 
For small degree of fractionation, P2O5 interst, TiO2 interst and Cinterst ilm can be considered as the 
composition of the parental magma and its ilmenite respectively (sample 12.5V-6S, 264; Table II-6). 
Consequently, for the most primitive ilmenite (sample 12.5V-6S, 239; Table II-6) in which Crbulk ilm = 
2065 ppm, TLF = 54%, TiO2 TL = 5.39 wt.%, TiO2 bulk = 16.73 wt.%, we obtain Crcum ilm = 2477 ppm. 
The trapped liquid shift thus induces a 20% decrease of the Cr content in ilmenite. Except for samples 
from marginal zones which may contain 80% trapped liquid (Charlier et al., 2006) and which will not 
II. The Tellnes ilmenite deposit 
85 
be considered in the modelling of fractionation processes, this 20% trapped liquid shift is the 
maximum correction for any element because sample 12.5V-6S (239) has the highest TLF among 
samples from central zones (LCZ and UCZ), it has the most primitive ilmenite composition and thus 
the largest difference with the trapped liquid composition. Finally, Cr is the most compatible element 
and thus the difference between Ccum ilm and Cinterst ilm is maximum for this element. 
 
The assumptions that P2O5 interst, TiO2 interst and Cinterst ilm can be considered to be the 
composition of the parental magma and its ilmenite respectively are valid for the most primitive 
cumulates and become increasingly wrong for more evolved cumulates because: (1) the P2O5 content 
of the residual melt continuously increases with fractionation because apatite is not a liquidus phase, 
(2) the TiO2 content decreases due to ilmenite fractionation; (3) the concentration of any element in 
interstitial ilmenite varies because of the variation of the trapped liquid composition and (4) new 
intercumulus phases may appear (e.g. magnetite in the UCZ). Consequently, the correction for the 
trapped liquid shift is accurate for the most primitive cumulates and is more and more overestimated 
with differentiation. 
 
Data for the three different sections are illustrated in Figure II-21 for the Cr content of ilmenite 
as a function of depth. Values corrected for the trapped liquid shift are increasingly higher than 
uncorrected values with depth. Even if the correction is overestimated in UCZ, the difference between 
the two values becomes negligible. Note that section 1200 has the most primitive ilmenite composition 
(Cr = 2480 ppm). This is probably because the first crystallizing liquidus phases accumulated here, in 




Figure II-21. Cr content in ilmenite (ppm) as a function of depth in the drill core (in meters) in sections 800, 
1200 and 1600 of the Tellnes deposit. Open circles are values corrected for the trapped liquid shift; filled circles 
are uncorrected values. 
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3.4.2. Stratigraphic variation of cumulus ilmenite composition: a Rayleigh fractionation 
model 
 
The continuous decrease in compatible 
element concentrations with stratigraphic 
height (e.g. Cr, Figure II-21) is a clear 
indication that fractional crystallization was 
the main mechanism of differentiation. 
Differentiation by Rayleigh fractionation is 
evidenced in the log Cr-log V in ilmenite 
diagram of Figure II-22 where samples 
belonging to the same fractionation interval 
plot on linear trends. Ilmenite data, corrected 
for the trapped liquid shift, display two 
different linear trends for the two cumulus 
assemblages pi-C and piho-C. This implies 
that bulk partition coefficients for the two 
fractionating cumulus assemblages are 
significantly different. 
 
Modelling of ilmenite composition 













where LiqiC  and 
j
iC  are the instantaneous concentrations of element i in the melt and in mineral j 
respectively, 0iC  is the initial concentration of i in the parental magma, F is the fraction of residual 
liquid and D, the bulk partition coefficient between the cotectic cumulate and the melt, i.e. D = ΣXj · 
j
iD , with X
j the mass fraction of mineral j in the cumulate and jiD  the partition coefficient of element 
i between mineral j and melt. 
 
The composition of the parental magma of the deposit is constrained by the chilled margin 
composition, and the partition coefficients between ilmenite and liquid can be calculated from the 
composition of the most primitive cumulus ilmenite corrected for the trapped liquid shift. Therefore, 
application of the Rayleigh equation permits quantitative assessment of the fraction of residual liquid 
(F) left after crystallization of the exposed portion of the deposit. Finally, because the bulk partition 
coefficients of cumulates are related to cotectic proportions of liquidus phases, the Rayleigh equation 
can be used to constrain these proportions. 
 
 
Figure II-22. log Cr vs. log V in ilmenite of the Tellnes 
deposit with linear regressions for pi-C and piho-C 
corrected for the trapped liquid shift (open symbols) and 
uncorrected (filled symbols). Note similar linear regression 
for piho-C corrected and uncorrected from the trapped 
liquid shift. A is the most primitive corrected ilmenite 
composition; B is the intersection between the two linear 
trends of corrected compositions and C is the average of 
the two most evolved corrected ilmenite composition. 
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A two-step model must be applied 
(Figure II-23) to match the two linear trends 
in Figure II-22. The first path (Figure II-23A) 
characterizes the fractionation of pi-C from 
the parental magma composition, and starts 
from the most primitive ilmenite. The second 
path (Figure II-23B) represents the 
crystallization of piho-C, starting from the 
intersection between the two linear 
regressions (Figure II-22) where ilmenite 
contains 687 ppm Cr and 1513 ppm V. 
Because plagioclase is the only other liquidus 
phase in LCZ, Cr and V can be considered to 
be exclusively present in ilmenite. Partition 
coefficients for Cr and V in ilmenite are 
calculated by dividing the composition of the 
most primitive ilmenite by the composition 
of the parental magma. Several curves for the 
variation of log Cr vs. log V in ilmenite are 
reported for various cotectic proportions of 
ilmenite (Figure II-23A). It emerges from 
this figure that the compositional variation of 
ilmenite best fits a cotectic proportion of 
ilmenite of 17.5% during the crystallization 
of pi-C (when bulk partition coefficients are 
7.2 and 1.5 for Cr and V respectively). Note 
that the model is very sensitive to small 
variations in the ilmenite proportions and that, for example, 11.6% ( 1DBulkV = ) or 20% of ilmenite 
result in very different paths. 
 
This cotectic proportion of ilmenite (17.5%) is significantly lower than the calculated 
proportion of cumulus ilmenite (proportion of ilmenite in the cumulate corrected for the diluting effect 
of trapped liquid) in the ore body which is around 50 wt.% (Charlier et al., 2006). This strongly 
implies that ilmenite is not present in cotectic proportions in the ore body but has been concentrated at 
the bottom of the chamber. The fraction of residual liquid F left after the crystallization of pi-C is ca. 
0.8 (Figure II-23A). 
 
For the second fractionation path of piho-C (Figure II-23B), considering that bulk partition 
coefficients for V and Cr are similar to that in pi-C, the linear trend fits a cotectic proportion of 
ilmenite higher than 100%, which is obviously incorrect. Bulk partition coefficients for V and/or Cr in 
piho-C are thus higher to that in pi-C. Two factors may be responsible for this variation: (1) the 
appearance of a new crystallizing phase with high partition coefficients for Cr and V or (2) an increase 
 
 
Figure II-23. Model for the Cr and V concentrations in 
ilmenite of the Tellnes deposit for various cotectic 
proportions of ilmenite. (A) Model 1 from A to B for 
ilmenite in pi-C. (B) Model 2 from B to C for ilmenite in 
piho-C. A-B-C and heavy linear regressions are from 
Figure II-22. F is the fraction of residual liquid. 
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of IlmCrD  and/or IlmVD . Based on petrographic observations, both olivine and orthopyroxene appear as 
new cumulus phases after pi-C. However, even if their partition coefficients for Cr and V are higher 
than that for plagioclase (e.g. OpxCrD =5 at around 5 kbar in Vander Auwera et al., 2000; 
Opx
VD <1, e.g. 
Kennedy et al., 1993), they remain too low to significantly affect BulkCrD  and BulkVD . Magnetite is 
another possible candidate. As previously shown (Figures II-8D-F), small amounts of intercumulus 
magnetite crystallize together with cumulus orthopyroxene and olivine. However, magnetite is a 
cumulus phase in troctolitic cumulates belonging to MCU IVa in the nearby Bjerkreim-Sokndal 
layered intrusion (Figure II-14; Wilson et al., 1996) where MtCrD  was estimated to be between 520 and 
710 (Jensen et al., 1993). Consequently, if 3% magnetite with MtCrD =600 is added to the cumulus 
assemblage in piho-C, BulkCrD  is increased by 18 and will thus be ca. 25. The amount of fractionation 
required to produce the variation of the Cr content in ilmenite from B (687 ppm) to C (338 ppm) in 
piho-C (Figure II-22) comes out at F=0.97. This is inconsistent with the volume of piho-C (Figure II-
18), which is similar to that of pi-C after which F=0.8. The intercumulus status of magnetite is thus 
confirmed on geochemical grounds. Its increasing content with stratigraphic height (Figures II-8D-F) 
results from the evolution of the trapped liquid composition which becomes closer to magnetite 
saturation. 
 
The reason for variation of BulkCrD  and/or BulkVD  in the second fractionation path might be a 
different cotectic proportion of ilmenite in piho-C but more certainly variation of fO2 with 
differentiation. Indeed, data from Toplis and Corgne (2002) in ferrobasalts have shown that MtVD  
increases by approximately one order of magnitude with decreasing oxygen fugacity from NNO+2.6 
to NNO-0.7. It is thus reasonable to consider that fO2 also affects IlmVD . Considering a cotectic 
proportion of ilmenite in piho-C similar to that in pi-C (17.5%), the same IlmCrD , the trend for piho-C is 
reproduced for IlmVD =14. Until more data are available for variation of partition coefficients in 
ilmenite with oxygen fugacity and since the volume of pi-C (LCZ) is similar to that of piho-C (UCZ), 
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3.4.3. MgO in ilmenite and postcumulus re-equilibration 
 
a. Partition coefficient for MgO between ilmenite and melt 
 
The MgO partitioning between ilmenite and 
coexisting melt ( IlmMgOD ) has been 
determined using experimental data in 
which ilmenite was a liquidus phase. Data 
from Snyder et al. (1993), Vander Auwera 
and Longhi (1994) and Toplis and Carroll 
(1995) are exploited here because they all 
deal with ferrobasaltic (or jotunitic) liquids, 
which are compositionally very close to the 
Tellnes parental magma. Pressure has 
negligible influence on IlmMgOD  (Vander 
Auwera et al., 2003). Moreover, 
experiments by Toplis and Carroll (1995) 
performed at fO2 between FMQ+1 and 
FMQ-2 do not show any systematic 
variation of IlmMgOD  with fO2. The MgO 
content of the liquid is thus probably the 
main controlling variable on ilmenite composition. Figure II-24 displays the MgO content of ilmenite 
obtained experimentally as a function of the MgO content of the liquid in equilibrium with ilmenite. 
Ilm
MgOD is quite consistent in the three datasets: 1.35 (Snyder et al., 1993), 1.39 (Vander Auwera and 
Longhi, 1994) and 1.32 (Toplis and Carroll, 1995). Cawthorn and Biggar (1993) obtained IlmMgOD =1.5 
from experiments on TiO2-rich basalts, a value in good agreement with the three datasets. 
Experimental data of Toplis et al. (1994) on the role of phosphorous in crystallization processes of 
basalt tend to show a decrease of IlmMgOD  with increasing P2O5 content of the melt. However, IlmMgOD  
remains >1 and the Tellnes melt does not reach P2O5 content higher than 0.7/0.6=1.17 wt.% P2O5 
( F/CC 0i
Liq
i =  for incompatible elements). Melts in the study of Vander Auwera and Longhi (1994) in 
which IlmMgOD = 1.39 have 0.65 to 2.32 wt.% P2O5. In any case, at the time of crystallization, ilmenite 
will have a higher MgO content than the liquid with which it is in equilibrium. 
 
 
b. MgO in ilmenite in the Tellnes deposit 
 
The stratigraphic variation of the MgO content in ilmenite from the Tellnes ilmenite deposit seems to 
be controlled by fractional crystallization. Figure II-25 shows the MgO in ilmenite plotted as a 
function of Mg# in orthopyroxene (Table II-8). Both values increase upwards when plagioclase and 
 
Figure II-24. MgO (wt.%) in ilmenite as a function of 
MgO (wt.%) in melt in equilibrium with ilmenite in the 
experiments on ferrodioritic (jotunitic) magma of Snyder 
et al. (1993) (number of samples n = 13; linear regression 
r2 = 0.74), Vander Auwera and Longhi (1994) (n = 17; r2 = 
0.90) and Toplis and Carroll (1995) (n = 21; r2 = 0.90). 
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ilmenite are the two liquidus phases and MgO thus behaves as an incompatible element. When 
orthopyroxene and olivine appear as liquidus phases, both MgO in ilmenite and the Mg# of 
orthopyroxene start decreasing with differentiation. MgO becomes compatible. MgO in ilmenite from 
the Skaergaard intrusion also linearly decreases with differentiation (Jang and Naslund, 2003), because 
the Mg# of the magma progressively decreases due to fractionation of mafic minerals. 
 
This simple interpretation is 
complicated by two facts. First, the parental 
magma of the Tellnes deposit contains 5.2 % 
MgO (sample 12.5V-6S, 264; Charlier et al., 
2006), a value in the range for primitive 
jotunites of the Rogaland Anorthosite 
Province (4.6-6 % MgO). This implies that, 
for IlmMgOD = 1.35 from experiments, the first 
ilmenite to crystallize should contain ca. 7% 
MgO. This is significantly higher than the 
MgO content of the most primitive ilmenite 
in the ore body, based on its Cr content 
(sample 12.5V-6S, 239; MgO=3.49%). 
Secondly, Figure II-26A, which displays 
MgO vs. Cr in ilmenite, has two different 
trends in sections 1200 and 1600 and the 
compositions of the most primitive ilmenite 
in each section does not lie on the same 
fractionation path. This would imply 
different values for IlmMgOD and IlmCrD  and/or 
different parental magmas for each section. 
 
The theoretical trend for the evolution of MgO in ilmenite has been calculated by the 
following method. The parental magma contains 5.2 wt.% MgO (Charlier et al., 2006) and the first 
cumulus ilmenite should contain 7.0 wt.% MgO (with IlmMgOD  = 1.35). Because the cotectic proportion 
of ilmenite is 17.5% and Mg is only present in ilmenite, the fractionating pi-cumulates contain 7% x 
0.163 = 1.225 wt.% MgO. The bulk partition coefficient of MgO between pi-cumulates and melt is 
thus BulkMgOD  = 1.225/5.2 = 0.24. From the application of the Rayleigh equation, it emerges that for 
F=0.8, just before the appearance of cumulus orthopyroxene and olivine, the MgO content of the 




Figure II-25. MgO (wt.%) in ilmenite as a function of 
Mg# (=Mg/Mg+Fe) of orthopyroxene in section 1600 of 
the Tellnes deposit. Numbers are depths (in meters) for 
each sample. Filled squares are plagioclase-ilmenite 
cumulates (pi-C), open squares are plagioclase-ilmenite-
orthopyroxene-olivine cumulates (piho-C). 




Figure II-26. (A) MgO vs. Cr in cumulus ilmenite (with their depth) corrected for the trapped liquid shift in 
selected drill-cores in sections 1200 and 1600 of the Tellnes deposit and theoretical trend for the evolution of the 
MgO content in cumulus ilmenite. (B) Depth vs. equilibrium temperature for the distribution of Mg and Fe2+ 
between ilmenite and orthopyroxene calculated from Bishop (1980). Jot is the ilmenite composition in the 
chilled jotunitic parental magma located at the contact with the host anorthosite. 
 
 
The difference between the theoretical cumulus MgO content of ilmenite and the observed 
content (Figure II-26A) reflects extensive postcumulus re-equilibration. The distribution of Fe2+ and 
Mg between coexisting ilmenite and orthopyroxene, calibrated experimentally as a function of 
temperature, pressure, and composition of the coexisting phases by Bishop (1980), is able to account 
for the discrepancies between theoretical and observed MgO contents in ilmenite. The equation is: 
T (°C) = ((1646 + 1634 · [Fe2+/(Fe2++Mg)]Ilm + 0.0124 · P) / ln KD) – 273 
with KD = (Mg/Fe)
Opx/(Mg/Fe)Ilm, and P in bars, estimated at 5000 bars (Charlier et al., 2006). Figure 
II-26B displays two profiles of temperature calculated with the equation of Bishop (1980) vs. 
stratigraphy in sections 1200 and 1600. Both profiles have increasing temperatures from the bottom to 
the upper part of the intrusion around 820-850°C. Lower MgO contents in ilmenite from the lower part 
of the intrusion result from equilibration with orthopyroxene at a lower temperature. Because the most 
primitive ilmenite composition is at the base of section 1200, the first crystallizing liquidus phases 
have unquestionably accumulated in this part of the intrusion. In other parts of the deposit (e.g. in 
section 1600), more evolved cumulates have crystallized under identical thermal conditions because 
they are located at the same distance from the host anorthosite compared to more primitives cumulates 
at the base of section 1200. This explains the two different evolution trends in Figure II-26, which 
actually represent two different postcumulus evolutions. 
 
The reason for this higher degree of re-equilibration of Mg in ilmenite at the margins of the 
ore body is not obvious. A higher rate of cooling is expected at the margins, which would tend to 
preclude extensive re-equilibration that is favoured by slow cooling. However, marginal zones are 
characterized by a continuously increasing proportion of trapped liquid towards the contact with the 
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anorthosite (Charlier et al., 2006). Consequently, the presence of large amount of interstitial liquid has 
facilitated postcumulus exchanges of MgO between cumulus ilmenite and melt. This postcumulus 
solid-liquid exchange, which was more efficient with high trapped liquid fraction, was prolonged by 
subsolidus interactions with ferromagnesian silicates and between oxides. 
 
Similar interpretation might be reached for ilmenite composition in the Skaergaard intrusion 
where the MgO content in ilmenite is higher in the Layered Series compared to the Upper Border 
Series, where it is higher than in the Marginal Border Series for similar fraction of crystallization 




c. Exsolved pleonaste: a sink for the missing Mg of ilmenite? 
 
The exsolution of pleonaste from ilmenite (Figure II-5A) could have a significant effect on the MgO 
content of ilmenite. Indeed, when external granules are produced, these are not included in the bulk 
analysis of ilmenite. Small rounded grains of pleonaste close to ilmenite, and not included in it, 
probably result from this mechanism. The amount of MgO exsolved from ilmenite as pleonaste can be 
quantitatively evaluated through the difference between the Al2O3 content of ilmenite predicted by 
experimental partition coefficients and the actual Al2O3 content of analysed ilmenite. The average 
Al2O3 content in ilmenite determined by LA-ICP-MS is ca. 0.08 wt.% (Table II-7). Partition 
coefficients for Al2O3 between ilmenite and the melt calculated from the experiments of Snyder et al. 
(1993), Vander Auwera and Longhi (1994) and Toplis and Carroll (1995) are 0.026, 0.033 and 0.029 
respectively. Consequently, considering Al2O3 = 16.1% for the Tellnes parental magma (Charlier et 
al., 2006), the Al2O3 content of liquidus ilmenite should be between 0.42 and 0.53%. The difference 
between primary and re-equilibrated ilmenite is between 0.34 and 0.45% which is probably expelled 
as pleonaste exsolutions. Because pleonaste contains 61.2% Al2O3 and 16.9% MgO on average (K. 
Kullerud, unpublished data), the amount of MgO expelled from ilmenite as pleonaste exsolutions is 
0.09-0.14%, which has no influence on the MgO content of ilmenite. 
 
 
3.4.4. Zr in ilmenite, zircon coronas and timing of emplacement of the Tellnes deposit 
 
XRF data for Zr on separated ilmenite display a range from 58 to 554 ppm (Table II-6). These values 
are considerably higher than data obtained by in situ LA-ICP-MS (Table II-7), where Zr varies 
between 8 to 114 ppm (Figure II-27). According to XRF data, Zr in ilmenite increases with decreasing 
Cr in ilmenite, because of the incompatible behaviour of Zr. However, LA-ICP-MS Zr data remain 
constant for a wide range of Cr values. Consequently, as illustrated by samples analysed by both 
methods, large discrepancies are observed in the two analytical methods. These variations do not result 
from the calibration of the analytical methods because of the unsystematic character of the shift. Hf 
from LA-ICP-MS (Table II-7) is correlated with Zr and thus behaves similarly. 
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The observed decoupling 
between XRF analyses of bulk 
ilmenite concentrate and in situ 
LA-ICP-MS analyses of ilmenite 
is explained by the microtextures 
illustrated in Figures II-5A-C. 
Ilmenite commonly contains 
baddeleyite inclusions and is 
rimmed by a zircon corona. Such 
microtextures are known from the 
literature. Naslund (1983) has 
described baddeleyite lamellae in 
ilmenite from the tholeiitic 
Basistoppen sill. Zircon, 
baddeleyite and srilankite 
(Ti2ZrO6) associated with ilmenite 
have also been described by 
Bingen et al. (2001) in high-grade 
metaanorthosite-norite rocks of Western Norway. These microtextures are interpreted as the result of 
decreasing solubility of Zr in ilmenite with decreasing temperature and consequent exsolution of ZrO2. 
Baddeleyite represents exsolution granules and zircon is regarded as a product of a reaction between 
baddeleyite and available silica during metamorphism. The Zr concentration data in the Tellnes 
deposit (Table II-9) shows that 82% in average is not residing in the ilmenite lattice itself but is 
sequestrated in baddeleyite and zircon attached to ilmenite. The comparatively low and uniform in situ 
Zr concentration in ilmenite and the lack of correlation between in situ Zr concentration and Cr 
concentration or stratigraphic position of the sample in the deposit strongly support the exsolution 
interpretation and rule out an interpretation involving epitaxial growth of baddeleyite and ilmenite or 
zircon and ilmenite during the cumulus or postcumulus phases. As opposed to the occurrences of 
zircon coronas in Western Norway (Bingen et al., 2001), the Tellnes deposit is not showing any 
evidence for metamorphic overprint, so the formation of zircon coronas can be integrated in the 
postcumulus evolution or subsolidus cooling of the magma chamber, and not attributed to a 
subsequent metamorphic event. Whether or not the zircon coronas formed in the presence of residual 
interstitial melt is difficult to assess from the data. Mass balance calculation using Zr concentration in 
whole rock, Zr in ilmenite from XRF and LA-ICP-MS, and the proportion of ilmenite (Table II-9) 
shows that, in average, 8% of Zr is hosted in ilmenite lattice, 20% is in zircon and baddeleyite attached 
to ilmenite and 72% is in zircon and baddeleyite not attached to ilmenite, either formed by 








Figure II-27. Zr vs. Cr in ilmenite from the Tellnes deposit from 
XRF and LA-ICP-MS analyses. Lines join samples analysed by 
both methods. 
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Table II-9. Distribution of Zr in cumulates of the Tellnes ilmenite deposit.  
          
   12V-3S 12V-3S 12V-3S 12.5V-6S 12.5V-6S 12.5V-6S Average 
   (29) (154) (230) (180) (239) (264)  
                    
          
Zr (ICP) ppm 28 53 51 45 60 36 46 
Ilmenite 
Zr (XRF) ppm 176 120 135 90 165 554 207 
TiO2 wt.% 14,42 17,79 18,33 19,30 16,73 5,39  
Whole rock (WR) 
Zr ppm 164 187 190 211 205 183 190 
Ilmenite fraction in WRa   0,31 0,38 0,39 0,41 0,36 0,12  
Zr in ilmenite lattice  wt.% 5 11 10 9 11 2 8 
Zr in zircon and baddeleyite 
attached to ilmenite 
 wt.% 28 14 17 9 18 34 20 
Zr in zircon and baddeleyite 
not attached to ilmenite 
 wt.% 67 76 72 83 71 64 72 
                    a=TiO2 in whole rock / TiO2 in average ilmenite        
          
 
 
A typical sample of ilmenite norite from the Tellnes deposit provided a zircon U-Pb age of 
920 ± 3 Ma and an equivalent baddeleyite age of 923 ± 7 Ma (Schärer et al., 1996). The age of 920 ± 3 
Ma is derived from two concordant multigrain zircon fractions described as "large grains and 
fragments", presumably anhedral, and the age of 923 ± 7 Ma from three near-concordant multigrain 
baddeleyite fractions. No isolated zircon grain with evident prismatic magmatic habit has been 
observed by petrographic examinations, in line with the interpretation that zircon is not a cumulus 
phase. All observed zircon grains are systematically closely associated with ilmenite. The large zircon 
grains analysed by Schärer et al. (1996) possibly formed from crystallization of interstitial trapped 
melt or, more probably, as suggested by the thick corona texture illustrated in Figure II-5C, from 
coalescence of micro-zircons or zircon coronas formed after exsolution from ilmenite. Consequently, 
the zircon age of 920 ± 3 Ma possibly records crystallization of the interstitial melt or more probably 
exsolution of Zr from ilmenite. It certainly does not record crystallization of the cumulate. The 
occurrence of a chilled margin indicates that the Tellnes deposit is younger that the host Åna-Sira 
anorthosite pluton. The intrusion age of the Åna-Sira pluton is estimated at 932 ± 3 Ma, as provided by 
oscillatory zoned zircon associated with high-alumina orthopyroxene megacrysts in the anorthosite, 
and 931 ± 5 Ma, as provided by zircon from a quartz mangerite dyke. It can be concluded that 
intrusion of the Tellnes deposit took place between 932 ± 3 and 920 ± 3 Ma, and that the Tellnes 





Ilmenite compositional variation with stratigraphic height indicates that fractional crystallization was 
the major process responsible for differentiation in the Tellnes ilmenite deposit. Modelling by the 
Rayleigh equation constrains the fraction of residual liquid to be ca. 0.8 after crystallization of the first 
cumulus assemblage (pi-C) and to ca. 0.6 after piho-C from volume estimation. Calculations of the 
cotectic proportions of ilmenite in pi-C give a value of 17.5%, significantly lower than the proportion 
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of cumulus ilmenite in the deposit (ca. 50%). This implies sorting of ilmenite and its preferential 
accumulation at the bottom of the chamber. Accumulation of ilmenite first took place in the vicinity of 
section 1200 of the ore body, where the base of the chamber was probably originally deeper. The 
exposed portion of the Tellnes deposit represents the lower part (14%) of a larger magma chamber. 
The unexposed upper part contained the missing mass of plagioclase removed by flotation and the 
crystallization products of the residual liquid. 
 
The crystallization of ilmenite from trapped liquid and subsolidus re-equilibration have 
affected the primary composition of liquidus ilmenite. The MgO content of ilmenite has been 
significantly lowered by extensive solid-liquid exchange prolonged by re-equilibration with Fe-Mg 
silicates, especially at the margins of the ore body where the trapped liquid proportion was higher. 
Different thermal conditions in different parts of the intrusion for the same degree of differentiation of 
the magma have resulted in variable subsolidus evolution paths for MgO in ilmenite. 
 
Finally, exsolution of zircon from ilmenite put into question the interpretation of the age of 
920 ± 3 Ma obtained by Schärer et al. (1996). This delay of 10 Ma compared with the anorthosite 
crystallization ages corresponds to the timing of exsolution and not to the crystallization age of the 
Tellnes deposit. 
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4. Conclusions on the emplacement of the Tellnes deposit 
and the implications for the origin of Fe-Ti ores associated 
with massif-type anorthosite 
 
 
4.1. Emplacement mechanism of the Tellnes ilmenite deposit 
 
Wilmart et al. (1989) proposed that the ilmenite-rich norite was injected as a crystal-mush lubricated 
by 3 to 10% trapped liquid. This mechanism of emplacement was later supported by magnetic and 
petrofabric evidence (Diot et al., 2003). Our new data reveal more complex relationships in major 
element variation diagrams than the simple mixing line observed by Wilmart et al. (1989), and exclude 
an emplacement mechanism involving the injection of a crystal-mush. We have shown that the 
leucocratic pole in variation diagrams is not an anorthositic cumulate as proposed by Wilmart et al. 
(1989), but represents the trapped liquid component. The stratigraphic succession of two types of 
cumulate, pi-C followed by piho-C, can hardly be explained by the injection of a mush but favours in 
situ crystallization within the Tellnes magma chamber. 
 
Several points can be discussed concerning the orientation of the ore based on magnetic and 
petrofabric evidence (Diot et al., 2003). These authors concluded that Tellnes was injected into a zone 
of weakness in the Åna-Sira anorthosite, under brittle conditions. However, they describe irregular, 
sinuous magmatic contacts on the northern flank, concordant with the host anorthosite. This favours an 
emplacement into ductile anorthosite, corroborated by the irregular and sinuous network of small 
dykes in the south-eastern part. Considering the microtextures and the criteria proposed by Nicolas 
(1987) and Paterson et al. (1989) to distinguish magmatic from solid-state deformation, plagioclase 
and orthopyroxene show evidence of plastic strain in crystals resulting from high-T solid-state 
deformation (bending, undulatory extinction, kinking and partial recrystallization). These deformation 
textures could not have been contemporaneous with the emplacement because there is no relation 
between the degree of deformation and recrystallization of a sample and its trapped liquid fraction 
(TLF). Samples with >40% of TLF, much above the critical melt fraction when no deformation can 
affect solids (van der Molen and Paterson, 1979), can display a higher deformation than samples with 
lower TLF. These new considerations imply that the mineral lineation must be explained by other 
mechanisms than by flow of a crystal mush. 
 
We propose that the ilmenite-rich norite crystallized in situ in a sill-shaped magma chamber 
with a floor dipping to the south-east, injected into the Åna-Sira anorthosite under ductile conditions. 
Solid-state deformation of the sill was subsequently produced by subsidence. The direction of the 
Tellnes subsidence is relative to the host anorthosite because the movement can either have been 
produced by gravity-induced sinking of the high-density Tellnes intrusion into the low-density Åna-
Sira anorthosite or/and by the rising of the anorthosite diapir. Actually, this last movement is probably 
responsible for the rotation of the ore body to the NE because the centre of the diapir was situated SW 
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to the ore body. This explains the vertical SW flank and why the Lower Central Zone is 
stratigraphically higher on the SW flank compared to the NE flank (Figure II-3). 
 
This subsidence is responsible for deformation of the minerals and the present shape of the ore 
body, producing the magnetic lineation and the 18° SE plunge of the floor. This is similar to the 
mechanism described by Paludan et al. (1994) and Bolle et al. (2002) to explain deformation of the 
Bjerkreim-Sokndal layered intrusion. Our model can be summarized in three successive stages. First, a 
jotunitic magma was emplaced in a sill-shaped magma chamber. As the parental magma cooled, pi-C 
accumulated at the bottom of the chamber, followed by piho-C, with a higher rate of ilmenite 
accumulation compared to plagioclase, probably buoyant in the dense jotunitic melt. The high thermal 
gradient at the margins induced formation of rapidly-cooled margins (LMZ and UMZ). Even in the 
centre of the ore body, large amounts of liquid (20-30%) became trapped in the cumulates. The 
exposed portion of the deposit represents the lower part of a larger magma chamber. At the present 
erosion level, no evolved cumulates or other rocks that crystallised from residual liquid are preserved. 
Finally, the cumulates were deformed by gravity-induced subsidence and by anorthosite diapirism, 
producing the present asymmetric trough-
shape cross section of the ore body. This 
deformation is responsible for the solid-state 
recrystallization of minerals and for the 
present magnetic fabric orientation. 
 
The cotectic proportion of ilmenite 
(17.5 wt.%) is much lower than its modal 
proportion in the Tellnes deposit (up to 50 
wt.%; Charlier et al., 2006). Dynamic 
sorting during flow of a crystal mush, as 
proposed by Wilmart et al. (1989), would be 
an efficient way of producing a higher rate 
of ilmenite accumulation compared to other 
less-dense liquidus phases. However, this 
emplacement mechanism can hardly 
produce: (1) the continuous stratigraphically 
decreasing contents of compatible elements 
and increasing contents of incompatible 
elements in ilmenite; (2) the succession of 
two cumulus assemblages; (3) the 
systematic evolution of the magnetite 
content (Figures II-8D-F). These vertical 
trends are also laterally consistent 




Figure II-28. Synthetic model for the Tellnes ilmenite 
deposit with the relative proportion (wt.%) of the 
different constituents calculated by the fractional 
crystallization model. 
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The high proportion of ilmenite results from the high density contrast between ilmenite (ca. 
4.7 g cm3) and plagioclase (An50: 2.6 g cm
3) and from the high density of the iron-rich jotunitic 
parental magma (ca. 2.75 g cm3; Scoates, 2000; Vander Auwera et al., 2006) in which plagioclase was 
probably buoyant. We have concluded that the fraction of magma remaining after the crystallization of 
the exposed portion of the Tellnes deposit is ca. 60%. The bulk fractionated cumulate thus represents 
40% crystallization of the parental magma (Figure II-28). This bulk cumulate includes rocks exposed 
in the deposit and the fraction of floating plagioclase. These floating plagioclases are indeed the 
complementary liquidus phases to the non-cotectic cumulates of the ore body. Consequently, the 
unexposed upper part of Tellnes, which includes the residual liquid and the missing mass of 
plagioclase removed by flotation, represents some 86% of the initial magma. 
 
Flotation of plagioclase is a common explanation of the formation of massif-type anorthosites 
(Ashwal, 1993). This model is extended here to the formation of an ilmenite-rich norite in a small 
magma chamber intruded in a large anorthosite pluton. 
 
 
4.2. The origin of Fe-Ti ores: constrains from the Tellnes deposit 
 
Several mechanisms have been suggested for the genesis of ilmenite deposits associated with massif-
type anorthosites. Philpotts (1967) and Kolker (1982) argued for immiscible Fe-Ti-P-rich melts. 
Unrealistically high temperatures for the ilmenite-apatite melts (ca. 1400°C) and experimental studies 
by Lindsley (2003) do not favour immiscibility. Furthermore, constant proportions of mafic minerals 
in cumulates from the Bjerkreim-Sokndal layered intrusion (Duchesne and Charlier, 2005) preclude 
the formation of an immiscible Fe-Ti rich liquid during the course of crystallization. The interstitial 
habit of ilmenite and the existence of ilmenite-rich veins in anorthosite are the result of subsolidus 
grain boundary modifications and solid-state deformation rather than liquid immiscibility (Duchesne, 
1996). 
 
Robinson et al. (2003) suggested that magma mixing was responsible for the high proportion 
of ilmenite in Tellnes. However, as illustrated throughout this work, ilmenite is never the only liquidus 
mineral but crystallized either together with plagioclase or with plagioclase, orthopyroxene and 
olivine. Moreover, the hypothetical curved ilmenite-plagioclase cotectic invoked by these authors, 
similar to the curved chromite-olivine cotectic (Irvine, 1977), has no experimental support. Magma 
mixing in chambers emplaced in the continental crust is typically accompanied by systematic 
variations in mineral compositions and isotopic ratios. The very restricted range of variation of Sr 
isotopes in the Tellnes deposit (Table II-2) does not favour such mixing as a mechanism for ilmenite 
enrichment. 
 
Finally, the Ti budget is not problematic at all. The parental magma of Tellnes (sample 12.5V-
6S, 264) and other related melts in the Rogaland Anorthosite Province have more than 4% TiO2 (Table 
II-4). This is not a feature that is restricted to Rogaland because TiO2-rich liquids have been described 
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in other anorthositic complexes (e.g. Mitchell et al., 1996), and even in modern lavas of continental 
tholeiitic suites such as Craters of the Moon or Snake River Plain (Nekvasil et al., 2000). 
 
It emerges that the only plausible mechanism for the formation of ilmenite deposits is simply 
fractional crystallisation. Parental magmas are Ti-rich and crystallise ilmenite as an early liquidus 
mineral. Parameters controlling the sequence of crystallization (e.g. ilmenite before or after 
orthopyroxene) and the exact cotectic proportions are presently not constrained by experimental 
studies. Further studies on the role of magma composition, pressure and fO2 are needed. Sorting of 
ilmenite due to a higher rate of accumulation compared to plagioclase is easily explained by different 
densities (2.7 vs. 4.8 g.cm-3). Under appropriate conditions, we suggest that this mechanism can result 
in a pure ilmenite body, such as the Lac Tio deposit. This would preferentially happen in a slowly 
cooling magma chamber rather than in a small, rapidly-cooled body of magma such as at Tellnes. 
 








The Grader layered intrusion (Havre-Saint-Pierre 
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Despite the discovery of the Voisey’s Bay Ni-Cu deposits in Proterozoic Anorthosite-Mangerite-
Charnockite-(rapakivi) Granite (AMCG) suites (e.g. Kerr and Ryan, 2000), the lack of significant new 
discoveries of sulphide deposits confirms that Fe-Ti deposits are the most realistic targets in 
Proterozoic anorthosite. Indeed, two world-class Fe-Ti deposits are currently being mined in massif-
type anorthosites: the Tio Mine (Havre-Saint-Pierre anorthosite, Quebec) and the Tellnes deposit 
(Rogaland anorthosite Province, Norway). At the present time, exploration for ilmenite deposits is not 
only focused on the grade of the ore but also on its quality, looking primarily for Cr- and Mg-poor 
ilmenite, suitable for industrial processing. Genetic models for the formation of Fe-Ti deposits in 
massif-type anorthosites are thus crucial to predict the chemical variability of different ore types. 
Immiscibility of a Fe-Ti-P-rich melt was commonly invoked for the formation of ilmenite ore types 
(e.g. Kolker, 1982; Force, 1991), but more recent studies on the Tellnes ilmenite deposit (Charlier et 
al., 2006; 2007) have emphasized the role of fractional crystallization with ilmenite as an early 
liquidus phase. 
 
Layered intrusions are commonly present in anorthositic provinces. Most famous ones are the 
Kiglapait intrusion of the Nain Plutonic suite (Canada, e.g. Morse, 1996) and the Bjerkreim-Sokndal 
layered intrusion in the Rogaland Anorthosite Province (SW Norway; Wilson et al., 1996). The 
Newark Island layered intrusion in Labrador (Wiebe, 1988; Wiebe and Snyder, 1993) and the 
Fedorivka layered intrusion in Ukraine (Duchesne et al., 2006) are other examples. Many other less-
studied small intrusions have also intruded anorthosite plutons (e.g. Vander Auwera et al., 2006). 
These latter are commonly interpreted as resulting from the crystallization of anorthosite residual 
magma trapped in clearly individualised magma chambers. In this kind of intrusion, the differentiation 
mechanism which gives a series of cumulate types is dominated by fractional crystallization. 
 
The Grader intrusion is situated in the Havre-Saint-Pierre anorthosite complex, close to the 
Tio Mine (Hargraves, 1962). This potential Fe-Ti resource may be considered as a layered intrusion 
because it displays conspicuous modal layering. The proportion of ilmenite is high, well over 10 
vol.%, and much of it has less Cr and Mg than the Tio Mine (Bergeron, 1986) and the Tellnes ilmenite 
deposit (Charlier et al., 2007). The base of the intrusion however has ilmenite with Cr and Mg contents 
closely akin the Tio Mine ore. Significant resources for phosphorous in apatite may also be realized. 
 
An exploration campaign on the Grader intrusion consisting of 10 fully cored drill holes 
enables us to define the structure and to study the genetic link between the different rock types. These 
resources start at the base with massive ilmenite, then layers of ilmenite alternating with anorthositic 
layers followed upward by ilmenite-apatite ore (nelsonites) with variable proportions of plagioclase, 
culminating with oxide apatite (gabbro-)norites. In this chapter, the proposed mechanism of ilmenite 
enrichment in the Grader layered intrusion and the relation between the ore and fine-grained 
ferrodiorites are thought to be applicable to the formation of Fe-Ti ores in massif-type anorthosites, 
and the origin of nelsonites. 
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2. Geological setting 
 
The Grader layered intrusion outcrops 
in the Allard lobe of the Havre-Saint-
Pierre anorthosite complex (Quebec, 
Canada), which is part of the 
allochthonous-polycyclic belt of the 
Grenville Province (Rivers et al., 
1989). This anorthosite complex is 
made up of several anorthositic lobes 
separated by monzonitic, mangeritic 
to charnockitic envelopes (Figure III-
1). The small Rivière au Tonnerre 
anorthosite was dated at 1062 ± 4 Ma 
(U-Pb on zircon; van Breemen and 
Higgins, 1993). Dating of a monzonite 
from the Magpie river area gives an 
age of 1126 +7/-6 Ma (U-Pb on 
zircon; Emslie and Hunt, 1990). 
 
The Grader intrusion is 
located about 4 km southwest of the 
Tio Mine. It includes the Grader mine 
which was exploited in the late 
1940’s. The geological map (Figure 
III-2) shows the Grader mine 
excavated in massive ilmenite 
containing minor anorthosite, together with the (gabbro-)noritic unit outcropping to the west. The dip 
and strike symbols show the orientation of both the layering and the plagioclase lamination (always 
parallel) in the noritic unit. 
 
In 2002, ten holes ranging from 75 to 274 m deep were drilled west of the Grader mine. These 
vertical drill holes showed rock contact dips from 0 to 45° that, combined with surface sampling, 
ground gravity data and an electro-magnetic survey, have resulted in the description of the 
morphology of the Grader intrusion. All the data indicate a basin-like structure, with outcropping 
oxide apatite (gabbro-)norite, banded nelsonite and massive oxide in the north and east that dips 
southward in the north, westward in the east and steeply north-eastward in the southwest (Figure III-
2). This structure is interrupted by faults with NNE-SSW or NE-SW trends. The location of these 
faults is inferred from drill hole correlations, coupled with the outcrop pattern and orientation of the 
norite and banded layers. It is also corroborated by gravity interpretation and topographic breaks. 
These faults displace the east side blocks upwards, except for the NE-SW fault that displaces the east-
side downwards. The exact location and displacement along these faults are problematic because none 
 
 
Figure III-1. Geological map of the Havre-Saint-Pierre 
anorthosite complex in the Grenville province (after Wodicka et 
al., 2003) and location of the Tio Mine and the Grader layered 
intrusion. Numbers 1 and 2 are locations of samples for 
geochronology, in the Rivière au Tonnerre anorthosite and in the 
Magpie monzonitic envelope respectively. 
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were intersected in the drillings or observed on the limited outcrops. Local variations in dip and strike 
may be explained by m-scale slump-style folds that are prominent in large outcrops of alternating 
anorthosite and ilmenitite or nelsonite immediately west of the Grader mine. Thin fine-grained dykes 
called below ferrodiorites with thickness ranging from 10-30 cm and sharp contacts locally cross-cut 
the Grader layered intrusion. 
 
 
Figure III-2. Geological mal of the Grader layered intrusion in the Allard lobe anorthosite with holes and major 
faults. 
 
3. Sampling and analytical methods 
 
Twenty four samples from hole GRD02-03 and from the host Havre-Saint-Pierre pluton have been 
selected for plagioclase separation (60-150 µm), using flotation in bromoform and magnetic 
separation. Final purification was carried out by HCl leaching to dissolve any composite grain with 
apatite. Samples ground in agate mortar were analysed for major elements by XRF on Li-borate fused 
glass and for Sr and Ba by XRF on pressed powder pellets. Ilmenite and magnetite from samples in 
hole GRD02-03 were separated with heavy liquids (bromoform and Clerici’s solution) and magnetic 
separation, and analysed for major elements (Si, Ti, Al, Fe, Mn, Mg) by XRF on Lithium-borate fused 
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glass, and for trace elements (ilmenite: Ni, V, Cr, Zn, Zr, Nb; magnetite: Ni, V, Cr, Zn, Mn) on 
pressed powder pellets. International Fe-Ti oxide reference materials (SARM 59 and 12, IGS 31 and 
32, GBW 07226), samples 16716 G/91, V4-1, 16717 provided by Titania A/S, as well as synthetic 
standards and in-house standards, measured by other methods, were used for calibration. Apatite was 
also separated from 8 samples of nelsonites and oxide apatite norites in GRD02-03. Mn, Sr, Y and 
REE in apatite were determined by ICP-MS. Six fine-grained samples from dykes were analysed for 
major and trace elements by XRF and ICP-MS. All these analyses were carried out at the Université 
de Liège (XRF is an ARL 9400 XP and ICP-MS is a VG Plasma Quad PQ2 of Fisons Instruments). 
Methods for ICP-MS analyses are detailed in Vander Auwera et al. (1998a). 
 
Microprobe analyses of ortho- and clinopyroxene were performed using the JEOL 8900 Series 
Superprobe of McGill University (Quebec, Canada). An accelerating voltage of 15 kV and a beam 
current of 15 nA were used. Chemical analyses were corrected with the ZAF software. 
 
Bulk cumulates (259 samples in 10 different cores) from the Grader intrusion were analysed 
for major elements by XRF on Li-borate fused glass at Lakefield in Ontario. Each sample represents a 
2 m portion of a split drill core taken at approximately 8 m intervals, thus getting a sample every 10 m. 
However, the thick 10 to 50 m intervals of rock described below as banded or layered oxides and 
nelsonites, had to be sampled at closer intervals varying between 6 and 1 m. Indeed, these lithologies 
display very high grade oxide layers 0.05 to 0.5 m thick, inter-layered with similarly thick anorthosite 
and leuconorite layers. A total of 470 m, corresponding to 25 % out of a total 1847 m drilled was thus 
analysed by standard methods for bulk composition. 
 
Sr isotopic ratios were measured for 10 plagioclase samples at the University of British 
Columbia on a Thermo Finnigan TRITON-TI mass spectrometer. Prior to separation on ion exchange 
resin, plagioclase separates were dissolved in a mixture of HF, HNO3 and HClO4. During the period of 






4.1. Mineralogy and cumulates stratigraphy 
 
Igneous layering observed in the Grader intrusion clearly suggests a cumulate origin. The 
nomenclature of Irvine (1982) is thus applied and rocks are named using the first letter of their 
cumulus phases followed by -C meaning “cumulus”. The stratigraphy of the Grader intrusion is 
displayed in Figure III-3, using data from hole GRD02-03. This hole displays the longer sections 
through the intrusion and, as discussed later based on bulk cumulate compositions, is representative of 
all rock types in Grader. 
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Figure III-3. Cumulate stratigraphy of the Grader layered intrusion and cryptic layering of anorthite (An= 100 
[Ca/Ca+Na]) in plagioclase and Mg# (=100 [Mg/(Mg+Fe)]) of orthopyroxene. Cumulus assemblages following 
the nomenclature of Irvine (1982). Mineral abbreviations: p = plagioclase; i = ilmenite; a = apatite; h = 
orthopyroxene; m = magnetite; c = clinopyroxene; -C = cumulus. 
 
The base of the intrusion starts with a thin sequence of massive oxides (ca. 2 m), followed by 
7 m of alternating massive oxide-anorthosite layers. Plagioclase (p) and ilmenite (i) are the main 
minerals in this cumulate portion (pi-C) (Figures III-4A-B). Small amounts of intercumulus 
orthopyroxene (2-3 %) may also be present. This is followed by a 12 m massive oxide layer and then 
by 9 m of an anorthosite which may represent an anorthosite septum, or a thicker anorthosite layer 
within the banded unit as discussed later. Above 162 m depth, cumulates are characterized by the 
appearance of abundant apatite (a). These pia-C may be referred to as nelsonites (Figure III-4C), a 
name initially introduced by Watson and Taber (1910) for rutile-apatite and (hemo-)ilmenite - (Ti-) 
magnetite - apatite rocks. However, most Grader nelsonites contain significant amount of plagioclase 
(from 5 to 30 %) and are interleaved with plagioclase-rich rocks (Figure III-4D). The appearance of 
significant orthopyroxene (h) at 139 m together with magnetite (m) marks the beginning of a ca. 100 
m sequence of norites (piahm-C) (Figures III-4E-F). Clinopyroxene (c), commonly present in minor 
amount as an intercumulus phase, displays a significant increase in modal proportion between 40 and 
37 m depth, which indicates a change to a cumulus status. These rocks must thus be referred to as 
gabbronorite (piahmc-C). Above 37 m up to the upper contact with the host anorthosite, clinopyroxene 
returns to an intercumulus status, similarly to the 100 m-thick sequence of norites (piahm-C) below the 
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gabbronorites. Norites and gabbronorites are globally more homogeneous than the highly layered base 
of the intrusion, but may locally display layering characterized by sharply bounded and sometimes 
graded intervals of variable modal proportions at a dm scale. 
 
 
Figure III-4. Backscattered electron (BSE) images of polished thin sections showing petrographic characteristic 
of the Grader layered intrusion. Phases were identified with energy dispersive X-ray spectrometry. (A) Massive 
oxide (GRD02-03@180 m) showing hemo-ilmenite with two generations of hematite exsolutions and a small 
interstitial sulphide. (B) Massive oxide GRD02-03@190 m with hemo-ilmenite locally altered to rutile + 
hematite. (C) Nelsonite (pia-C) (GRD02-03@143 m) with large apatite grains, locally included in hemo-
ilmenite. (D) Plagioclase-rich nelsonite pia-C (GRD02-03@147.5 m). Note hemo-ilmenite continuously rimmed 
by zircon. (E) Norite (piahm-C; GRD02-03@130 m). Thin dark aluminous spinel exsolutions are visible in 
magnetite and in hemo-ilmenite. A rim depleted in hematite exsolution is observed in the hemo-ilmenite close to 
the contact with magnetite. (F) Norite (piahm-C; GRD02-03@10 m). 
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Accessory minerals mainly include sulphides (pyrite, pyrrhotite and chalcopyrite), Ti-
phlogopite and aluminous spinel (hercynite). Zircon commonly rims hemo-ilmenite (Figure III-4D) 
and traces of baddeleyite are documented. Zircon originated by exsolution from hemo-ilmenite as 
discussed by Charlier et al. (2007). In some massive oxide and altered anorthosite samples, hemo-
ilmenite grains may be locally deeply altered and replaced by rutile + hematite ± titanite (Figure III-
4B). 
 
The host anorthosite in direct contact with massive oxide at the base of the Grader intrusion is 
incipiently altered to sericite and epidote. Below this contact zone, the anorthosite is massive and 
displays various extents of dynamic recrystallization (primary crystals are replaced by smaller 
recrystallized grains). Consequently, the anorthosite is heterogranular with grain-size ranging from 0.1 
mm to >2 cm. The anorthosite is commonly pure but may contain minor amounts of ilmenite, 
orthopyroxene, apatite and sulphides. The anorthosite at the roof of the intrusion was intersected in 
several drill cores and is similar to that at the base. The anorthosite layer between 172 and 161 m 
(Figure III-3) displays similar petrographic features than the host anorthosite. Its status is further 
discussed later on geochemical grounds. 
 
 




The range of plagioclase compositions in the Grader intrusion and in the surrounding Allard lobe 
anorthosite appears highly restricted (Table III-1). Bulk plagioclase compositions in Grader vary from 
An49.2 to An45.6 (An = 100 [Ca/Ca+Na]) and Or0.8 to Or7.2 (Or = 100 [K/Ca+Na+K]). Sr varies from 
1153 to 1335 ppm and Ba, from 260 to 594 ppm. These compositions are close to the plagioclase 
composition in the Havre-Saint-Pierre anorthosite: An50.3-45.5, Or3.9-7.2, Sr 1108-1231 ppm and Ba 212-
519 ppm. Plagioclase composition in the anorthosite septum (An48.4-50.3, Ba 213-439 ppm, Sr 1128-
1156 ppm) is close to that at the base of the Grader intrusion and also to that of the host Allard lobe 
anorthosite. The stratigraphical variation of plagioclase composition in Grader is shown in Figure III-
3. The highest An value is situated at the top of the pi-C. The An content decreases in the pia-C unit 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Microprobe analyses of orthopyroxene in hole GRD02-03 (Table III-2) display a restricted range of 
composition (Figure III-3), with Mg# varying from 66.7 to 63.2. The average composition in norites 
(piahm-C) is 66.1 ± 0.5. The most noticeable variation of orthopyroxene composition is observed from 
samples at 40 and 37 m depth where the composition is shifted to more evolved compositions (Mg# = 
64.3 and 63.2 respectively). The evolution of the clinopyroxene composition (Table III-3) also shows 
a decrease in Mg# between 37 and 40 m. 
 
Table III-2. Microprobe analyses of orthopyroxene in hole GRD02-03 in the Grader layered intrusion. 
                      
           
Depth (m)  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Total Mg # 
                      
           
10 piahm-C 52,33 0,08 1,83 21,26 0,60 23,40 0,56 100,06 66,2 
20 piahm-C 52,24 0,12 1,87 21,53 0,58 23,28 0,64 100,26 65,8 
30 piahm-C 52,24 0,13 1,87 21,10 0,59 23,23 0,73 99,89 66,2 
37 piahmc-C 52,49 0,10 1,54 22,96 0,62 22,17 0,82 100,69 63,2 
40 piahmc-C 52,45 0,13 1,57 22,44 0,59 22,70 0,72 100,59 64,3 
50 piahm-C 52,26 0,10 1,88 21,35 0,61 23,61 0,67 100,47 66,3 
60.5 piahm-C 52,38 0,12 2,03 21,43 0,55 23,12 0,66 100,29 65,8 
70 piahm-C 52,49 0,11 1,91 20,68 0,56 23,28 1,27 100,29 66,7 
80 piahm-C 52,23 0,09 1,99 21,34 0,57 23,53 0,60 100,34 66,3 
90 piahm-C 52,22 0,16 2,02 21,71 0,56 22,94 0,80 100,40 65,3 
91.85 piahm-C 52,11 0,12 2,10 20,91 0,52 23,50 0,59 99,84 66,7 
100 piahm-C 52,45 0,09 1,93 21,20 0,56 23,38 0,60 100,20 66,3 
110 piahm-C 51,72 0,10 1,79 20,97 0,53 23,34 0,76 99,22 66,5 
120 piahm-C 51,68 0,12 1,89 21,54 0,55 23,13 0,73 99,64 65,7 
130 piahm-C 51,34 0,14 1,97 21,82 0,60 23,03 0,67 99,56 65,3 
                      
           
 
Table III-3. Microprobe analyses of clinopyroxene in hole GRD02-03 in the Grader layered intrusion. 
                              
               
Depth (m)  SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O Total Mg # En Fs Wo 
                              
               
10 piahm-C 51,00 0,49 3,26 9,98 0,30 13,59 21,39 0,59 100,60 70,8 39,3 16,2 44,5 
20 piahm-C 50,73 0,41 3,01 10,02 0,24 13,90 20,72 0,52 99,55 71,2 40,4 16,3 43,3 
37 piahmc-C 51,43 0,42 2,62 9,77 0,30 13,33 22,25 0,52 100,63 70,9 38,3 15,7 46,0 
40 piahmc-C 50,53 0,49 3,12 10,15 0,28 12,80 21,84 0,62 99,83 69,2 37,4 16,7 45,9 
50 piahm-C 51,28 0,55 3,41 8,72 0,28 13,49 22,79 0,58 101,10 73,4 38,8 14,1 47,1 
60.5 piahm-C 51,22 0,38 2,92 8,96 0,27 14,09 22,31 0,49 100,63 73,7 40,1 14,3 45,6 
                                             
 
4.2.3. Fe-Ti oxides 
 
The bulk composition of ilmenite (ilmenite + exsolved hematite) analysed by XRF on mineral 
separates from hole GRD02-03 (Table III-4) displays systematic compositional variation with 
stratigraphy (Figure III-5). The fraction of hematite in ilmenite (Xhem) varies from 0.20 to 0.32, with 
the maximum values around 140 m. MgO in ilmenite is ca. 2.4 wt.% at the base of the intrusion except 
in sample at 190 m in which ilmenite is strongly altered (Figure III-4B). From 160 m up to the top of 
the intrusion, the MgO content displays a very restricted variation between 1.4 and 1.7 wt.%. V and Cr 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The major element composition of magnetite is almost constant in the studied borehole (Table 
III-5). Magnetite has a low ulvöspinel molar fraction (Usp<0.06) and is thus Ti-poor: ca. 2 wt.% at the 
base of the noritic unit at 135 m and < 0.6 wt.% above. The V content of magnetite ranges from 2500 
to 2300 ppm, which is around twice that of ilmenite in the same sample. Ni and Cr contents globally 
decrease up section with an irregular pattern (Table III-5). 
 
 
Table III-5. XRF analyses of separated magnetite in hole GRD02-03 in the Grader layererd intrusion. 
                
                                
Depth (m) SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO Total Usp Ni V Cr Zn Mn 
                                
                
10 piahm-C 0,24 0,37 0,71 67,64 30,92 0,00 0,38 100,26 0,011 160 2327 65 567 148 
30 piahm-C 0,19 0,00 0,81 68,55 30,83 0,00 0,33 100,71 0,000 136 2305 61 528 160 
50 piahm-C 0,09 0,62 0,63 66,49 30,95 0,01 0,29 99,08 0,018 205 2498 133 551 169 
80 piahm-C 0,12 0,56 0,59 67,08 31,06 0,00 0,30 99,71 0,016 362 2428 227 724 122 
110 piahm-C 0,08 0,18 0,64 67,25 30,53 0,00 0,28 98,96 0,005 370 2494 185 613 125 
135 piahm-C 0,18 2,02 0,60 63,82 32,17 0,01 0,33 99,13 0,059 551 2409 323 614 171 
                                
Major elements in weight percent, FeO and Fe2O3 recalculated from Fe2O3tot by charge balance; molar fractions of ulvöspinel (Usp) calculated 
following QUILF algorithm (Andersen et al. 1993); trace elements in parts per million (ppm) 
                
 
 




The concentration of Ce (and all other REE), 
Y and Sr in liquidus apatite (Table III-6) 
increases continuously with stratigraphy to 
reach maximum values at 30-50 m depth 
(Figure III-6A). Ce (and the REE) slightly 
decreases above 50 m and Y and Sr above 
30 m. REE content in apatite normalized to 
chondrites (Figure III-6B) displays a LREE-
enrichment (La/YbN = 12.3-14.3) with a 












Table III-6. Trace element compositions (ppm) of separated apatite in hole GRD02-03 in the Grader layered 
intrusion (ICP-MS analyses) and partition coefficients between apatite and melt. 
                    
          
Depth (m) 10 30 50 80 110 135 140 160 Di* 
 piahm-C piahm-C piahm-C piahm-C piahm-C piahm-C pia-C pia-C  
                    
          
Mn 241 284 289 275 296 270 335 439  
Sr 505 522 520 495 521 501 481 472  
Y 312 343 342 330 327 300 289 222  
          
La 241 238 280 262 254 238 237 136 3,9 
Ce 688 724 808 750 746 683 690 425 4,7 
Pr 114 124 132 124 123 110 112 74,5 5,4 
Nd 564 618 637 597 606 541 538 386 6,0 
Sm 107 115 118 112 114 101 101 75,9 6,6 
Eu 26,5 28,0 28,5 27,0 27,3 25,1 23,5 18,3 3,9 
Gd 104 113 113 109 108 98,2 93,3 75,0 6,8 
Tb 13,2 14,6 14,8 14,3 13,9 12,8 12,2 9,40 6,1 
Dy 63,9 69,7 70,0 67,2 65,9 61,3 58,1 45,0 5,3 
Ho 9,68 10,5 10,4 10,1 9,84 9,20 8,72 6,46 4,6 
Er 21,8 23,0 23,9 23,2 22,3 20,9 19,7 14,2 4,0 
Yb 11,9 12,1 12,7 13,0 12,3 11,8 11,0 7,15 3,4 
Eu/Eu* 0,77 0,76 0,76 0,75 0,76 0,78 0,75 0,75  
(La/Yb)N 13,1 12,7 14,3 13,0 13,4 13,0 13,9 12,3  
                    
* Partition coefficients between apatite and melt from Charlier et al. (2005) 
 
 
Figure III-6. (A) Stratigraphic variation of apatite 
composition in hole GRD02-03. (B) Chondrite-
normalized REE composition in separated apatites. 
 
III. The Grader layered intrusion 
113 
4.3. Bulk cumulate compositions 
 
Figure III-7 displays the variation of bulk cumulate compositions with stratigraphy in three selected 
holes: GRD02-03, -05 and -09 having longer sections through the intrusion. Bulk cumulate 
compositions obtained for other holes penetrating shorter sections (and not reported here) have similar 




Figure III-7. Stratigraphic variation for some major elements of bulk cumulates composition in holes GRD02-03, 
-05 and -09. GNH is the Gabbronoritic Horizon, the arrow indicates the abrupt increase of the MgO content. The 
grey line in GRD02-03 represents the 9 m-thick anorthosite layer. 
 
 
The successive appearance of liquidus phases in the Grader intrusion (Figure III-3) has a 
conspicuous impact on bulk cumulate composition (Figure III-7). The most striking characteristics in 
GRD02-03 are the P2O5 increase due to the appearance of cumulus apatite and the abrupt MgO shift 
due to the appearance of cumulus orthopyroxene. In the other holes, the deepest samples are P2O5-rich 
and thus the plagioclase-ilmenite cumulates (pi-C), present in the first 32 m of GRD02-03, are lacking. 
In holes GRD02-05 and -09, the lowermost cumulates contain apatite and can be correlated with pia-
C, lying above the anorthosite layer at 162 m in GRD02-03. 
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In pi-C of hole GRD02-03, the proportion of the two phases is highly variable, resulting in 
rocks ranging from leuconorite to massive ilmenite. Another noticeable characteristic is the very low 
P2O5 content indicating the absence of apatite. Above this level in GRD02-03, the evolution of bulk 
cumulate compositions is highly similar to the evolution in the other two drill cores. The most 
significant variations of cumulate compositions include: (1) a “Z-shaped” variation of the P2O5 content 
at the base followed by a relatively constant P2O5 content around 4 wt.% P2O5; (2) an abrupt shift from 
MgO-poor rocks (<2 wt.% MgO) to MgO-richer rocks (6-7 wt.% MgO) and a significant decrease in 
MgO at 38 m, 60 m and 90 m in GRD02-03, -05 and -09 respectively; (3) these latter levels 
correspond to maximum values of K2O and Al2O3 and to low values of Fe2O3 and TiO2 and (4) above 
this level, called the gabbronoritic horizon because of the presence of cumulus clinopyroxene (Figure 
III-3), the latter elements show a reverse evolution. 
 
 
4.4. Fine-grained ferrodiorites in dykes 
 
A fine-grained dyke cross-cutting the layered rocks, 10-15 cm-thick, was sampled in outcrops along 
the railroad. Several drill cores in the Grader intrusion have cross-cut similar discordant fine-grained 
rocks. The rock is equigranular and the mineralogy is mainly antiperthitic plagioclase, orthopyroxene, 
clinopyroxene, ilmenite, magnetite and small elongated apatite. Bulk compositions (Table III-7) reveal 
ferrodioritic affinities. They have high FeOtot (16.84-21.77 wt.%) and TiO2 (3.90-6.20 wt.%) contents 
and are also P2O5-rich (2.69-3.86 wt.%). Similar liquid compositions are commonly associated with 
massif-type anorthosites (e.g. Vander Auwera et al., 1998b). 
 
 
Table III-7. Major and trace element compositions of fine-grained dykes associated with the Grader 
layered intrusion. 
                
        
 145-937 145-938 223-601 223-604 225-135 145-648 225-302 
                
        
SiO2 38,99 38,53 39,71 39,52 37,72 40,13 52,54 
TiO2 4,57 4,40 3,90 6,20 5,15 4,57 4,26 
Al2O3 13,66 13,12 12,70 14,97 11,92 13,57 13,36 
Fe2O3tot 20,92 21,77 21,89 16,84 20,97 19,94 14,53 
MnO 0,20 0,22 0,22 0,07 0,20 0,18 0,15 
MgO 4,29 4,47 4,89 5,30 5,20 5,09 2,83 
CaO 10,41 10,45 11,23 9,39 11,24 9,48 5,06 
Na2O 2,43 2,48 2,45 2,87 2,18 2,71 3,26 
K2O 0,46 0,47 0,41 0,48 0,34 0,52 2,22 
P2O5 3,30 3,28 2,69 3,05 3,86 2,88 0,78 
Total 99,24 99,18 100,09 98,70 98,78 99,07 98,98 
        
U 0,17 0,17 0,05 0,04 0,10 0,12 0,32 
Th 1,13 1,45 0,60 1,15 0,79 1,25 1,30 
Pb 6,5 13,4 2,3 6,7 2,2 3,0 11,2 
Zr 190 197 147 163 147 151 376 
Hf 4,55 4,31 4,33 5,31 4,32 4,41 9,47 
Nb 17,3 20,4 17,2 19,2 17,6 21,6 19,2 
Ta 1,17 1,07 0,91 1,49 1,06 1,23 1,37 
Rb 3,23 3,07 1,23 2,98 0,32 3,00 30,0 
Sr 688 718 637 669 698 592 642 
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Ba 305 394 309 301 235 325 945 
        
Ni 27 30 50 93 28 56 27 
V 250 287 251 337 233 283 150 
Cr 15,6 28,5 5,9 42,4 6,3 24,0 7,6 
Zn 222 261 263 85 213 200 207 
Co 58 54 57 51 54 54 34 
Cu 56 55 84 31 66 77 33 
Ga 31 35 36 38 30 25 27 
Y 50,6 66,6 59,8 66,4 47,1 54,0 25,0 
        
La 51,1 56,6 40,6 54,3 49,9 58,0 34,2 
Ce 134 145 108 141 122 144 81 
Pr 20,9 22,8 16,0 22,4 19,0 20,7 11,8 
Nd 82,5 96,2 74,1 91,2 90,8 91,2 50,8 
Sm 18,4 21,9 16,1 18,3 18,7 18,6 13,2 
Eu 4,19 5,43 4,25 4,15 5,18 4,45 4,06 
Gd 14,9 17,2 15,4 17,0 15,1 16,4 9,46 
Tb 2,22 2,26 2,17 2,55 1,98 2,13 1,33 
Dy 11,6 13,0 11,7 12,7 10,0 10,7 6,5 
Ho 2,06 2,23 2,09 2,40 1,91 2,03 1,10 
Er 4,43 4,85 4,65 5,08 3,97 4,54 2,28 
Tm 0,50 0,53 0,49 0,59 0,45 0,54 0,27 
Yb 2,90 3,31 3,10 3,16 2,59 3,01 1,39 
Lu 0,39 0,43 0,41 0,41 0,36 0,39 0,16 
Eu/Eu* 0,78 0,86 0,83 0,73 0,95 0,79 1,12 
(La/Yb)N 11,4 11,1 8,5 11,1 12,5 12,5 15,9 
        
NNO, 1150°C, 4 kbar       
FeO 15,95 16,60 16,56 12,76 15,94 15,17  
Fe2O3 3,21 3,34 3,49 2,67 3,27 3,09  
Density 2,92 2,93 2,93 2,87 2,94 3,00  
        
NNO+1, 1150°C, 4 kbar      
FeO 14,66 15,26 15,18 11,70 14,64 13,94  
Fe2O3 4,63 4,82 5,03 3,85 4,72 4,46  
Density 2,99 3,01 3,01 2,87 2,93 2,97  




4.5. Sr isotopic data 
 
87/86Sr initial ratios of the plagioclase (recalculated at 1060 Ma) (Table III-8) show a slight difference 
between the host anorthosite and the Grader deposit with average values of 0.703995 and 0.704319, 
respectively. The host anorthosite and the deposit were thus formed in slightly different parent magma. 
The plagioclase from the anorthosite layer located in GRD02-03 between 171 and 162 m depth has an 
initial ratio (0.703821) close to the host anorthosite. It can thus be concluded that the layer of 
anorthosite is an inclusion of host anorthosite in the Grader intrusion. 
 
Table III-8 also shows the Sr isotope initial ratios of ferrodioritic dykes that cross-cut the 
intrusion. Samples 145-648 (a typical chilled ferrodiorite) and 225-302 (a more evolved ferrodiorite) 
have Sr initial ratios of 0.705408 and 0.703925, respectively. The first one, as shown above, has a 
chemical composition which is in equilibrium with the Grader norite, but is isotopically different, 
probably slightly contaminated by crustal material. On the other hand, the second liquid is isotopically 
similar to the Grader deposit and could thus represent a more evolved residual melt of the intrusion. 
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The source for parental liquids to massif-type anorthosite and related rocks has been highly 
debated (e.g. Emslie et al., 1994; Longhi, 2005). This issue cannot be elucidated here as Sr isotopes 
have been shown not to be efficient in distinguishing a mantle-derived magma with crustal 
contamination from a mafic lower crust with short crustal residence time. 
 
Table III-8. Sr isotopic composition of ferrodiorites and plagioclases from the Grader layered intrusion and 
the host anorthosite. 
                
        
  Rb (ppm) Sr (ppm) 87Sr/86Sr Error 87Rb/86Sr (87Sr/86Sr) 
                
        
145-648 Ferrodiorite 3,0 618 0,705622 0,000009 0,0140 0,705408 
225-302 Ferrodiorite 30 642 0,705977 0,000008 0,1352 0,703925 
HSP-AN 01 HSP anorthosite 1,92 1223 0,704011 0,000007 0,0045 0,703942 
GRD02-10 @ 4m Roof anorthosite 4,93 1139 0,704335 0,000007 0,0125 0,704145 
GRD02-03 @ 203m Floor anorthosite 1,42 1231 0,703948 0,000007 0,0033 0,703897 
GRD02-03 @ 170m Anorthosite septum 1,79 1156 0,703889 0,000007 0,0045 0,703821 
GRD02-03 @ 50m Norite (piahm-C) 3,26 1297 0,704448 0,000008 0,0073 0,704337 
GRD02-03 @ 50m* Norite (piahm-C) - - 0,704453 0,000006 0,0073 0,704342 
GRD02-03 @ 160m Nelsonite (pia-C) 0,88 1335 0,704519 0,000006 0,0019 0,704490 
GRD02-03 @ 193m Massive oxide (pi-C) 1,77 1153 0,704175 0,000008 0,0044 0,704107 
                





5.1. The sequence of crystallization and the origin of nelsonite 
 
Several studies have evidenced that ilmenite is an early liquidus phase in liquids associated with 
andesine anorthosites. In the Bjerkreim-Sokndal layered intrusion, ilmenite appears as the second 
liquidus phase after plagioclase (Wilson et al., 1996). In the Tellnes ilmenite deposit (Charlier et al., 
2006) and other ore bodies in the Rogaland Anorthosite Province (Duchesne, 1999), ilmenite also 
appears after plagioclase and before Fe-Mg silicates. The stratigraphic evolution in the Grader 
intrusion is another example of early saturation of ilmenite. The occurrence of monomineralic layers 
of ilmenite alternating with plagioclase-richer layers at the base of the intrusion indicates that these 
two minerals are the first liquidus phases to crystallize. 
 
Another particular feature of the Grader intrusion is the presence of plagioclase-ilmenite-
apatite cumulates (pia-C). In some layers where plagioclase is absent or in trace amounts, these 
ilmenite-apatite rocks may be referred to as nelsonites. Nelsonites have been classically interpreted as 
immiscible liquids (Philpotts, 1967; Kolker, 1982). However, experiments by Lindsley (2003) have 
failed to produce any immiscible Fe-Ti-P-rich liquid. The interpretation of Dymek and Owens (2001) 
that nelsonites actually represent cumulates is here supported by the well-defined stratigraphic 
evolution in the Grader intrusion. The appearance of cumulus apatite after plagioclase and ilmenite 
and before Fe-Mg silicates (Figure III-3), responsible for the abrupt shift of the P2O5 content in bulk 
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cumulates (Figure III-7), is a straightforward evidence that fractional crystallization can produce 
nelsonites. It is also clear that the shift to P2O5-rich cumulates appears earlier in the succession than 
the shift to MgO-rich cumulates which marks the appearance of cumulus orthopyroxene. Sorting of 
plagioclase from ilmenite and apatite results in the formation of nelsonites. 
 
Incidentally, we suggest that in some extreme case saturation of apatite may even occur with 
plagioclase and before ilmenite. This sequence of crystallization would explain the occurrence of a 
massive, hundred meters-thick unit of apatite-bearing anorthosite, averaging 7 wt.% P2O5, in the 
northern part of the Lac-Saint-Jean anorthositic suite (Hébert et al., 2003). 
 
 
5.2. Rayleigh fractionation and cotectic proportion of ilmenite 
 
Ilmenite composition in hole GRD02-03 (Figure III-5) displays systematic evolution. The continuous 
decrease in compatible element concentrations (e.g. V and Cr) and the increasing incompatible 
element concentrations (e.g. MnO and Nb) suggest that fractional crystallization is the main 
mechanism of differentiation. The composition of ilmenite in the log Cr-log V diagram (Figure III-8A) 





−⋅= , with LiqiC  the instantaneous concentration of element i in the melt, 0iC  is the initial 
concentration of i in the parental magma, F is the fraction of residual liquid and D, the bulk partition 
coefficient between the cotectic cumulate and the melt, i.e. D=ΣXj· jiD , with X
j the cotectic mass 
fraction of mineral j in the cumulate and jiD  the partition coefficient of element i between mineral j 
and melt. 
 
Due to the exponential nature of the Rayleigh equation, samples produced by fractional 
crystallization plot on linear trends in log-log diagrams when the bulk partition coefficient remains 
constant. In Figure III-8A, ilmenite belonging to all cumulus assemblages can reasonably be 
considered to plot on a single linear trend. This implies that the bulk partition coefficients for the 
different fractionating cumulus assemblages does not significantly differ. This results from both high 
values of the ilmenite partition coefficients for V and Cr and high modal proportions of ilmenite 
compared to other liquidus phases. This in turn means that the cotectic proportion of ilmenite must 
remain grossly constant with differentiation. Even in piahm-C, appearance of magnetite, in which V 
and Cr are commonly highly enriched, does not induce significant variations of BulkVD  and BulkCrD  
because of the low proportion of cumulus magnetite. 
 
Application of the Rayleigh equation permits quantitative assessment of the cotectic 
proportion of ilmenite, which controls BulkVD  and BulkCrD . Considering IlmVD =7, consistent with data 
from Jang and Naslund (2003) and Duchesne et al. (2006) for similar melt composition, the slope of 
Figure III-8A, which corresponds to ( BulkCrD -1)/(
Bulk
VD -1), is reproduced for IlmCrD =21 and a cotectic 
proportion of ilmenite of 21 wt.% (Figure III-8B). This model is very sensitive to even small 
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variations of the ilmenite cotectic proportion. The influence of variable IlmVD  and IlmCrD  (Figures III-
8C-D) shows that the trend displayed by ilmenite composition cannot be reproduced with different 
partition coefficients. Because ilmenite contains 37.9 wt.% TiO2 on average (Table III-4), this cotectic 




Figure III-8. (A) log V vs. log Cr in ilmenite in hole GRD02-03 of the Grader layered intrusion with the linear 
regression. The dotted line marks the appearance of cumulus magnetite; (B) Model for the Cr and V 
concentrations in ilmenite for various cotectic proportions of ilmenite; (C-D) Model for the Cr and V 
concentrations in ilmenite for various IlmVD  and IlmCrD . F is the fraction of residual liquid. 
 
 
5.3. The early saturation of ilmenite and the oxygen fugacity 
 
The high hematite content in ilmenite in the Grader intrusion (Figure III-5) is an indicator of a high 
oxygen fugacity (fO2) in the melt. Experimental studies on the stability fields of Fe-Ti oxides (Snyder 
et al., 1993; Toplis and Carroll, 1995) have shown that at high fO2, the magnetite-ulvöspinel solid 
solution precedes the appearance of the ilmenite-hematite solid solution whereas this order is reversed 
at low fO2. However, ilmenite is the first liquidus Fe-Ti oxide in the Grader intrusion and remains 
modally more abundant compared to magnetite when it is present. This is explained by another 
conclusion of Toplis and Carroll (1995) that fO2 only affects the stability field of magnetite whereas 
III. The Grader layered intrusion 
119 
the crystallization of ilmenite as the first oxide is controlled by the TiO2 content of the melt. The early 
saturation of hematite-rich ilmenite in the Grader intrusion instead of Ti-magnetite is thus controlled 
by the high TiO2 content of the parental magma. 
 
Variation of the oxygen fugacity during crystallization of the Grader intrusion may be 
estimated from the experimental calibration of the Fe-Ti oxide thermo-oxybarometer of Lattard et al. 
(2005). Crystallization temperature of Grader cumulates is estimated between 1100 and 1200°C from 
experimental studies on similar compositions (Vander Auwera and Longhi, 1994; Vander Auwera et 
al., 1998b). In this range of temperature, the fO2 obtained for ilmenite composition in Grader (Hem20-
32) (in equilibrium with magnetite or as a single phase) varies between NNO+0.5 and NNO+1.  
 
The negligible effect of magnetite appearance on BulkVD  and BulkCrD  in the Grader intrusion is 
consistent with the high fO2 of the melt. Indeed, Toplis and Corgne (2002) have shown that V and Cr 
partitioning is strongly dependent on fO2 which determine the relative proportion of the different 3+, 
4+ and 5+ ions. The result is decreasing partition coefficients with oxidizing conditions. At NNO+1 in 
P-bearing system, MtVD = 11 (Toplis and Corgne, 2002) which is not significantly higher compared to 
Ilm
VD = 7 in our model. The high fO2 has probably minor effect on IlmVD  and IlmCrD  because ilmenite is 
known to include highly charged cations such as Nb and Ta (Green and Pearson, 1987) more easily 
than does magnetite. 
 
 
5.4. Evidences for the occurrence of a Sandwich horizon 
 
A sandwich horizon is the level where cumulates crystallized from the bottom of the intrusion meet 
those crystallized from the roof (Wager and Brown, 1968). Rocks from the sandwich horizon thus 
correspond to the most evolved of the sequence. This horizon has been largely documented in the 
Skaergaard layered intrusion as the level where the Upper Border and Layered series converge (e.g. 
McBirney, 1995). 
 
In the Grader layered intrusion, various data suggest the existence of such a sandwich horizon. 
The most evolved mineral compositions are not observed at the top of hole GRD02-03 but around 40-
35 m below where orthopyroxene with the lowest Mg# occurs (Figure III-3). This is further supported 
by the higher Ce content of apatite at this depth (Figure III-6) and by several characteristics of bulk 
cumulates compositions (Figure III-7). As previously mentioned, this level between 35-40 m in 
GRD02-03 is marked by a more leucocratic character with higher Al2O3 and K2O contents and lower 
Fe2O3, MgO and TiO2 contents. Similar trends are also observed in GRD02-05 at ca. 60 m depth and 
in GRD02-09 at ca. 90 m depth. All these data are in agreement with the interpretation that this 
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5.5. Dykes: melts in equilibrium with noritic cumulates 
 
The relation between fine-grained dykes 
cross-cutting the Grader intrusion and 
melts in equilibrium with cumulates 
may be evaluated from the composition 
of cumulus apatite. The REE content of 
melt in equilibrium with apatite-bearing 
noritic cumulates may be determined 
through inversion calculation of 




REE D/CC = ). 
Partition coefficients for REE between 
apatite and melt ( ApREED ) from Charlier 
et al. (2005) are used. They were 
calculated from data on gabbronoritic 
cumulates from the Bjerkreim-Sokndal 
layered intrusion which have a very 
similar mineralogy to the Grader 
cumulates. REE distribution of ferrodioritic dykes can be compared in Figure III-9 to spectra for 
calculated liquids in equilibrium with apatites. High similarities between their absolute REE content as 
well as their REE patterns suggest that ferrodioritic dykes are in equilibrium with oxide apatite norites. 
However, the inversion calculation does not reproduce the small negative Eu anomaly of ferrodioritic 
dykes but gives a positive Eu anomaly for liquids in equilibrium with apatite. The ApEuD  of Charlier et 
al. (2005) is different from the value characteristic of the Grader intrusion. Indeed, ApEuD  is sensitive to 
the relative proportion of Eu3+ and Eu2+, thus to fO2 of the melt, because 
Ap
3EuD +  > 
Ap
2EuD + . In 
accordance with the higher hematite content of ilmenite in the Grader intrusion (XHem = 0.20-0.32) 
compared to that in the Bjerkreim-Sokndal layered intrusion where XHem varies between 0.19 and 0.03 
(Duchesne, 1972), we conclude that ApEuD  is also higher in the Grader intrusion, because the higher fO2 
of the melt is responsible for a higher ratio Eu3+/Eu2+. 
 
The temperature of apatite saturation in these ferrodioritic melts, calculated from the equation 
of Tollari et al. (2006), ranges from 980-1080°C (Table III-7). These high temperatures compare 
closely with the liquidus temperature of similar melts (ca. 1100°C, Vander Auwera and Longhi, 1994) 




Figure III-9. REE patterns normalized to chondrites (Sun and 
McDonough, 1989) for ferrodiorites compared to calculated 
liquids from apatite composition. 
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5.6. Mechanism for ilmenite enrichment: segregation of plagioclase 
by flotation 
 
The average composition of noritic cumulates may be compared to the composition of the ferrodioritic 
melts to evaluate to which extent the system remained closed during crystallization of the parental 
magma, i.e. whether the composition of the cumulate pile matches that of ferrodiorites. Average bulk 
rock compositions for the noritic unit (piahm(±c)-C) and for pi-C + pia-C in holes GRD02-03, -05 and 
-09 are reported in Figure III-10. It is clear that no average cumulates composition match that of 
ferrodiorites. However, ferrodiorites and average compositions for oxide apatite (gabbro-)norites 
display a well-defined linear trend with plagioclase. This means that some plagioclase need to be 
added to the (gabbro-)norites in order to obtain the same average composition than ferrodiorites. The 
high proportion of ilmenite in Grader thus results from the low proportion of plagioclase compared to 
the composition of the parental liquid. The mechanism responsible for the ilmenite enrichment is thus 
removal of plagioclase, probably through segregation by flotation. Indeed, the density of plagioclase 
which ranges between 2.61 and 2.65 g.cm-3 for An60-40 (Campbell et al., 1978) is commonly less dense 
than the liquid from which it crystallizes (Vander Auwera and Longhi, 1994; Scoates, 2000). The 
density of ferrodioritic melts is calculated with the model equation of Lange and Carmichael (1990) 
which expresses molar volumes of silicate melts as linear functions of composition, temperature and 
pressure. The densities of these ferrodioritic liquids strongly depend on their Fe3+/Fe2+ ratio and P2O5 
content (Toplis et al., 1994). The regression of Kress and Carmichael (1991) which incorporates the 
effects of composition, temperature, oxygen fugacity and pressure on the redox state of the liquid has 
thus been used. A conservative value of 4 kbar has been considered for the pressure of emplacement of 
the Grader intrusion and calculations have been performed for oxygen fugacities at NNO and NNO+1 
as inferred from ilmenite composition. Under these conditions, the average Fe2O3/FeO of the 
ferrodiorites is 0.20 at NNO and 0.32 at NNO+1. H2O, CO2 and F contents are very low in magmas 
associated with massif-type anorthosites (e.g. Morse, 1982) and consequently, their effect on melt 
density is negligible (Vander Auwera and Longhi, 1994; Scoates, 2000; Vander Auwera et al., 2006). 
These volatile components have thus been ignored in calculating the densities of the Grader 
ferrodiorites. The calculated density ranges from 2.87 to 3.01 (Table III-7) and is significantly higher 
than the density of plagioclase (2.61-2.65; Campbell et al., 1978). Settling of individual grains of 
plagioclase in these ferrodioritic liquids is thus highly unlikely. 
 
This missing plagioclase may have been transported laterally by the magma flow in other 
portions of the intrusion. This hypothesis implies reduced TiO2 content of bulk cumulates in any 
plagioclase-enriched parts of the intrusive. Actually, the TiO2 content of bulk cumulates is indeed 
variable in the drilled portions of the Grader intrusion. Figure III-7 shows that the TiO2 content in 
noritic cumulates is higher in GRD02-03 (ca. 10 wt.% TiO2) compared to GRD02-05 and -09 (6-8 
wt.% TiO2). Consequently the southern part of the intrusion which has not been drilled may be less 
economically interesting. Interesting in this regard is the low-grade hole GRD02-08 in the far 
southwest (Figure III-2) where for about 150 m above 17 m of banded nelsonite, several anorthosite 
layers are present and oxide apatite (gabbro-)norite is entirely absent, replaced by leuconorite with 10 
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vol.% or less ilmenite, and where massive ilmenite is uncommon being replaced by plagioclase-




Figure III-10. Binary major elements variation diagrams of bulk cumulates in holes GRD02-03, -05 and -09 in 
the Grader layered intrusion. The compositional range of plagioclase (plag) is represented by an elliptic area. 
Open diamonds are ferrodioritic compositions (Liq). 
 
 
An alternative model may be that the floating plagioclase could have accumulated at the top of 
the Grader intrusion where it cannot be distinguished from the host anorthosite. However, the 
hypothesis that the noritic unit has also crystallized from the roof, resulting in the formation of a 
sandwich horizon, precludes flotation of plagioclase vertically, up to the top of the intrusion, 
suggesting instead lateral plagioclase migration through the “sandwich” space. 
 
 
5.7. Lateral extension of ore types 
 
Outcrop mapping and stratigraphic correlations between the holes enable us to interpret the 3D-
morphology of the Grader layered intrusion. As previously mentioned, the intrusion has a basin-shape. 
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Massive oxide layers present at the base of hole GRD02-03 (25 m-thick pi-C) outcrop over a wide 100 
m surface within and immediately west of the Grader mine, where they show intensive slump-style 
folding. The 9 m-thick anorthosite layer above massive ilmenite in hole GRD02-03 (Figure III-3) may 
be correlated with a similar thickness of anorthosite in GRD02-01 (Figure III-2). In GRD02-03, its Sr 
isotope composition suggests an origin as a xenolith of the enclosing anorthosite. Its plausible lateral 
extension to GRD02-01 suggests that the xenolith would have the shape of a septum lying parallel to 
the lower contact. 
 
 
Figure III-11. Cross sections through the Grader layered intrusion with the interpretation of lateral extensions of 
different ore types. Interpretations are underlined by question marks. 
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The first layered nelsonites appear above this anorthosite in both holes as well as, ca. 650 m to 
the south, in holes GRD02-05 and -09 (Figure III-7) and in GRD02-10. In the latter holes, the massive 
ilmenite (pi-C) is absent. It emerges that the pi-C probably thins out to the south and to the west. An 
alternative possibility is that the septum actually extends to the south and west and that drilling was 
stopped when reaching what was considered to be the floor of the intrusion. This intermediate 
anorthosite layer may thus have been mistaken as the basal host anorthosite unit in holes GRD02-05, 
09 and 10. This hypothesis is suggested by question marks in the interpreted cross-sections of the 
Grader intrusion proposed in Figure III-11. Additional deeper holes would resolve this issue. Above 
the anorthosite layer, nelsonites (pia-C) are relatively thin and vary from 20 m in GRD02-03 to ca. 50 





The diversity of ore types observed in the Grader layered intrusion results from the successive 
appearance of liquidus phases due to a continuous fractional crystallization process. The parental 
magma of the intrusion is initially saturated in plagioclase + ilmenite due to its high TiO2 content. This 
feature is not peculiar to the Grader intrusion but is observed in many cumulate series associated with 
Proterozoic massif-type anorthosites. The segregation of plagioclase and ilmenite through gravity 
results in the formation of thick massive ilmenite layers at the base of the intrusion. Subsequently, the 
magma becomes saturated in apatite, due to the high P2O5 content of the parental magmas, followed 
by orthopyroxene, magnetite and clinopyroxene. This atypical early saturation of apatite, associated 
with crystallization of ilmenite and gravitational segregation of ilmenite + apatite relative to 
plagioclase, is responsible for the formation of nelsonite. Fractional crystallization thus better explains 
the origin of nelsonite than does immiscibility of a Fe-Ti-P-rich melt, which has presently no 
experimental evidence.  
 
Liquidus phases and bulk cumulate compositions evidence the existence of a sandwich 
horizon which supports crystallization from both the base and the roof of the intrusion. The proportion 
of ilmenite in the studied portion of the Grader layered intrusion is higher than the cotectic proportion. 
The segregation of plagioclase by flotation in a dense ferrodioritic melt, with which noritic cumulates 
are in equilibrium, is responsible for the relative ilmenite enrichment. This plagioclase has probably 
been transported laterally by the magma flow in other portions of the intrusion. 
 
 








Cumulate origin and polybaric crystallization of 
Fe-Ti deposits in the Suwalki massif-type 
anorthosite (NE Poland) 
 
 
This chapter corresponds to the paper submitted to Mineralium Deposita: 
 
Charlier, B., Namur, O., Duchesne, J.-C., Wiszniewska, J., Bouton, A., Vander Auwera, J., submitted 
the 27th of March 2007. Cumulate origin and polybaric crystallization of Fe-Ti deposits in the Suwalki 
massif-type anorthosite, NE Poland. Mineralium Deposita. 
 




Classical views on the emplacement mechanism of Proterozoic massif-type anorthosites involve 
polybaric crystallization, starting around 10-13 kbar up to the final depth of emplacement between 3-5 
kbar (e.g. Ashwal, 1993; Longhi et al., 1993). Buoyant plagioclase cumulates formed in a deep-seated 
magma chamber intrude the middle to upper crust by diapirism (Barnichon et al., 1999) or through 
zones of weakness (Scoates and Chamberlain, 1997; Duchesne et al., 1999) due to gravitational 
instabilities. Parental and/or residual liquids were swept along with the anorthositic mush to crystallize 
over a large pressure interval (Longhi et al., 1993). 
 
This dynamic crystallization model must be borne in mind when considering possible 
mechanisms for the origin of Fe-Ti deposits, commonly associated with anorthosite plutons. Some ore 
bodies, such as the Tellnes deposit (Charlier et al., 2006), may occur in well-defined magma chamber 
that have clearly intruded the host anorthosite. However, others may also occur as irregular lenses or 
pods with cross-cutting relations with the anorthosite (Duchesne, 1999). This type of deposit is present 
in the Suwalki anorthosite (NE Poland), which is part of the Mazury complex in the East European 
Craton. It is essentially made up of Ti-magnetite, ilmenite, orthopyroxene ± clinopyroxene ± apatite 
and a highly variable proportion of plagioclase. 
 
While segregation of an immiscible Fe-Ti-(P)-rich melt was invoked for the formation of Fe-
Ti ores in the Suwalki anorthosite (Speczik et al., 1988), a series of 70 Fe-Ti-enriched rocks sampled 
in cores drilled in several ore bodies of the anorthosite evidence the cumulate nature of the ore and 
enable us to propose a sequence of fractional crystallization. Crystal sorting and polybaric 
crystallization of the anorthosite pluton are shown to clearly affect the formation of Fe-Ti-enriched 
rocks. 
 
Finally, contrary to the two hard-rock deposits presently exploited, Tellnes (Norway) and Lac 
Tio (Quebec), which are also associated with Proterozoic massif-type anorthosite and have hemo-
ilmenite as ore minerals, the Suwalki ore is dominated by vanadium-poor Ti-magnetite. The origin of 
this ore mineralogy is highlighted through the composition of a ferrodioritic parental magma and its 
crystallization conditions, particularly the oxygen fugacity. 
 
2. Geological setting 
 
The Suwalki massif-type anorthosite (NE Poland), the Sejny and Ketrzyn massifs together with 
associated granites of the Mazury complex (Figure IV-1) constitute a typical AMCG suite 
(Anorthosite-Mangerite-Charnockite-(rapakivi) Granite) (Wiszniewska et al., 2002; Skridlaite et al., 
2003). This AMCG suite is situated in the western part of the East European Craton (Bogdanova et al., 
2001; Claesson et al., 2001) and has been dated at ca. 1.5 Ga (Dörr et al., 2002). As the Suwalki 
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anorthosite is buried under a 580-1200 m thick Phanerozoic cover dipping to the southwest, it has 
been explored by gravity and magnetic surveys. This was followed by an extensive drilling program 




Figure IV-1. Geological map of the Mazury Complex. The complex extends westwards some 100 km to the 
Baltic sea, and eastwards ca. 30 km in Lithuania and Belarus (after Wiszniewska et al., 2002). 
 
 
The Suwalki anorthosite covers an area of 250 km2. It has an elliptic morphology and a 
domical shape in cross-section (Figure IV-2). The anorthosite is surrounded by co-magmatic norites, 
gabbronorites and ferrodiorites. According to the experiments of Longhi et al. (1993), the occurrence 
of high alumina orthopyroxene megacrysts (Wiszniewska et al., 2002) is a clear evidence of high 
pressure crystallization between 10-13 kbar. The anorthosite parental magma has a ferrodioritic 
composition (Wiszniewska et al., 2002). The source for parental magmas to Proterozoic massif-type 
anorthosites (mantle vs. lower crust) is still highly debated (e.g. Longhi et al., 1999; Bédard, 2001). 
However, existing studies on the Suwalki anorthosite have concluded that the parental magma most 
likely results from partial melting of a mafic lower continental crust (Morgan et al., 2000; 
Wiszniewska et al., 2002).  
 
Several Fe-Ti ore deposits (Krzemianka, Udryn, Jeleniewo, Lopuchowo and Jezioro Okragle) 
were first recognized by distinct gravity and magnetic anomalies (Ciesla and Wybraniec, 1998). Drill-
cores revealed that the ore is mainly constituted by Ti-magnetite, ilmenite, orthopyroxene ± 
clinopyroxene ± apatite and a variable proportion of plagioclase. Oxide bodies have lenticular shapes 
alternating with anorthosite. The contact between these lithologies may be sharp or gradual, giving 
rocks ranging from pure anorthosite or oxides ore to norite. The most important reserves, estimated at 
ca. 1500 Gt of ore, are present in the Krzemianka and Udryn deposits (Parecki, 1998). In each ore 
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body, lenses and layers of ore display a preferred orientation, grossly parallel to the closer contact 
between the anorthosite and the surrounding granite. Deposits are commonly situated at the margins of 
the anorthosite pluton. Jezioro Okragle and Krzemianka have been dated at 1559 ± 37 Ma which is 




Figure IV-2. Geological map of the Suwalki anorthosite in NE Poland (with the location of Fe-Ti ore deposits) 
and cross-section through the Suwalki anorthosite dome. Lithologies an structures above the top of the 
crystalline basement are interpreted (Juskowiak, 1998). 
 
 
3. Sampling and analytical methods 
 
Fourteen 10 cm-diameter boreholes drilled in the Suwalki anorthosite have been selected for this 
study. These boreholes which have reached 2800 m depth, crosscut four ore deposits (Lopuchowo, 
Krzemianka, Udryn and Jeleniewo; Figure IV-2). A series of 70 coarse-grained rocks have been 
collected. Seven fine-grained rocks from the neighbouring Sejny massif have also been studied. Each 
sample is representative of a portion of ca. 50 cm of a split drill-core. Petrographic studies were 
carried out on polished thin sections for all rocks. 
 
Twenty six samples have been selected for mineral separation of plagioclase and magnetite. 
The separation of the 60-150 µm fraction was performed with heavy liquids (bromoform and Clerici’s 
solution) and a Frantz isodynamic magnetic separator. Plagioclase was analysed for major elements 
(Si, Ti, Al, Fe, Ca, Na, K) by XRF on Lithium-borate fused glass and for trace elements (Sr and Ba) 
on pressed powder pellets. Magnetite was analysed for major elements (Si, Ti, Al, Fe, Mg, Mn, Ca) 
and for trace elements (Ni, V, Cr, Zn) by XRF. International Fe-Ti oxides references materials (SARM 
59 and 12, IGS 31 and 32, GBW 07226), samples 16716 G/91, V4-1, 16717 provided by Titania A/S, 
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as well as synthetic standards and in-house standards measured by other methods, were used for 
calibration. 
 
The composition of orthopyroxene, ilmenite, clinopyroxene, olivine and spinel was 
determined in selected samples by microprobe analysis with a Cameca SX50 at the Bochum 
University, Germany. An accelerating voltage of 15 kV and a beam current of 15 nA were used. 
 
Finally, whole-rock compositions for 18 coarse-grained samples and 7 fine-grained samples 
were analysed for major and some trace elements by XRF. All the XRF analyses were performed on 
the ARL 9400 XP at the University of Liege (Belgium). Fine-grained samples were also analysed for 







Massive anorthosites in the Suwalki plutons display continuous relationships with norites and Fe-Ti 
oxides ores. Rocks may be massive but are commonly layered, with abrupt changes from oxides-rich 
to anorthosite layers or with continuous variations of modal proportions (Figure IV-3). These textures 
are similar to those observed in layered intrusions and thus point to a cumulate origin, in accordance 
with classical interpretations on the formation of anorthositic bodies (e.g. Ashwal, 1993). We thus use 
the nomenclature of Irvine (1982) and rocks are named according to the first letter of their cumulus 
phases followed by -C meaning “cumulus”. The most common cumulus assemblage in Suwalki Fe-Ti 
ores is: plagioclase (p) + orthopyroxene (h) + magnetite (m) + ilmenite (i) (phim-C). Some cumulates 
also contain clinopyroxene (c) (phimc-C), locally with apatite (a) (phimca-C). Spinel, Ti-rich biotite 
(Namur et al., submitted) and olivine are not cumulus phases but result from either trapped liquid 
crystallization or subsolidus re-equilibration. 
 
Cumulates are coarse-grained with plagioclase normally forming tabular crystals (ca. 1 cm), 
commonly bent or granulated. Orthopyroxene is sub- to euhedral and contains numerous Schiller 
exsolutions (Figure IV-4A). Plagioclase exsolutions have not been observed. In a few samples, an 
olivine corona is developed around orthopyroxene (Figure IV-4C), either in contact with Fe-Ti oxides 
or plagioclase. The primary texture of rocks has been modified by textural equilibration, which is a 
common feature in anorthositic rocks (Lafrance et al., 1996). Fe-Ti oxides have an interstitial habit as 
a result of subsolidus grain boundaries readjustment (Duchesne, 1996). Fine-grained rocks considered 
as representing liquid composition (Figure IV-4D) display typical chilled texture with plagioclase 
phenocrysts in a fine-grained matrix of plagioclase, two pyroxenes, ilmenite, magnetite, very fine 
needles of apatite dispersed in all minerals, and accessory biotite. 
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Figure IV-3. Photographs of the main macroscopic textures of Fe-Ti ores in the Suwalki anorthosite. (A) 
Massive ore with plagioclase laths (K20-04). (B) Layered ore with diffuse contact between anorthosite and 
melanorite (U5-03). (C) Strongly layered ore with abrupt changes from pure oxides to anorthosite layers (U4-
04). (D) Disseminated ore with an interstitial character of Fe-Ti oxides (J2-02). 
 
 
Figure IV-4. Photomicrographs of the main textures observed in Fe-Ti ores of the Suwalki anorthosite 
(transmitted light). (A) phim-C with euhedral orthopyroxene with Schiller exsolutions (K12-02). (B) Large 
zoned pleonaste grain (J2-03). (C) phim-C with olivine coronas around orthopyroxene (K22-01). (D) Fine-
grained ferrodiorite with a plagioclase phenocryst (S1-02). Mineral abbreviations: plag plagioclase, opx 
orthopyroxene, ilm ilmenite, mt magnetite, ol olivine, pl pleonaste, bi biotite. 
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Figure IV-5. Backscattered electron images of exsolution types in magnetite of Fe-Ti ores in the Suwalki 
anorthosite. (A) Trellis-textured magnetite grain with ilmenite and pleonaste exsolutions (K20-05). (B) Cloth-
textured magnetite with oxidized ulvöspinel and pleonaste exsolutions in 100 planes. Note the zone without 




Figure IV-6. Backscattered electron images of re-equilibration textures between magnetite and ilmenite. (A) 
Ilmenite grain surrounded by magnetite. The primary contour of ilmenite (indicated by the dotted line) is marked 
by aluminous spinel crystals, which locally contain relict of magnetite (K2-05). (B) Irregular contact between 
ilmenite and magnetite with relicts of the magnetite observed is some of the pleonaste grains (K20-05). (C) 
Ilmenite in contact with magnetite with several generations of pleonaste rims in the reaction zone. The larger 
aluminous spinel rim marks the initial contact between primary ilmenite and magnetite. Also note the tiny spinel 
crystals within the ilmenite lamellae of the trellis-structured magnetite (J2-02). 
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Fe-Ti oxides display numerous microtextures resulting from subsolidus exsolution and re-
equilibration. Magnetite displays the cloth and trellis microtextures (Figure IV-5) which consist 
primarily in very fine exsolutions of ulvöspinel lamellae which have then been completely oxidized to 
ilmenite. The oxidation of magnetite to form a trellis microtexture can produce external granules of 
ilmenite. Aluminous spinel (pleonaste) lenses are also exsolved and may form external granules 
(Figure IV-5B). Ilmenite grains lack hematite exsolutions but locally contain some aluminous spinel 
exsolutions (Figure IV-6A). Compositional re-equilibration between magnetite and ilmenite produces 
a variety of contact textures with spinelliferous ilmenite rims (Figures IV-6B-C). Because of these 
exsolution processes, the bulk composition of re-equilibrated magnetite cannot be determined by in 
situ methods. Therefore, the composition of magnetite and ilmenite has been determined with bulk 
analyses of mineral separates. Nevertheless, external granules of ilmenite and pleonaste might also 
have been removed during the separation process. 
 
 




Plagioclase composition ranges from labradorite to andesine with an anorthite content from An60.0 to 
An43.6 and an orthose content from Or0.2 to Or4.3 (Table IV-1). They display high Sr contents (893-1238 
ppm) and variable Ba contents (119-579 ppm). 
 
Table IV-1. Plagioclase compositions from XRF analyses on mineral separates. 
               
 Depth (m)  SiO2 TiO2 Al2O3 Fe2O3tot CaO Na2O K2O Total Sr Ba An* Or° 
                              
               
Pig-06 1211 phimac-C 55,57 0,02 28,24 0,28 10,25 4,59 0,25 99,20 1063 579 55,2 1,6 
K12-02 989 phim-C 55,30 0,04 28,92 0,14 9,88 4,87 0,20 99,35 893 286 52,9 1,3 
K12-04 1060 phim-C 55,46 0,05 28,73 0,22 9,77 5,32 0,11 99,66 927 256 50,4 0,7 
K12-05 1453 phimc-C 55,49 0,04 28,36 0,12 9,43 5,42 0,18 99,04 946 216 49,0 1,1 
K20-03 1611 phim-C 55,73 0,06 28,57 0,19 9,60 5,43 0,13 99,71 994 280 49,4 0,8 
K20-05 1721 phim-C 55,03 0,06 29,05 0,19 10,15 5,07 0,20 99,75 962 198 52,5 1,2 
K20-06 1735 phim-C 54,95 0,07 29,14 0,12 10,02 5,21 0,04 99,55 1025 150 51,5 0,2 
K22-01 1717 phim-C 55,03 0,06 28,93 0,25 10,02 5,03 0,29 99,61 918 206 52,4 1,8 
K73-01 1851 phim-C 54,89 0,07 29,11 0,60 9,58 5,07 0,07 99,39 928 199 51,1 0,4 
U2-01 1144 phim-C 55,29 0,04 28,18 0,25 9,50 5,16 0,51 98,93 918 529 50,4 3,1 
U2-04 1397 phimac-C 57,00 0,03 27,01 0,19 8,56 5,42 0,69 98,90 961 507 46,6 4,3 
U2-06 1512 phim-C 52,76 0,04 29,86 0,20 11,63 4,29 0,05 98,83 1117 177 60,0 0,3 
U4-01 1168 phim-C 55,98 0,04 28,29 0,22 9,49 5,24 0,34 99,60 956 353 50,0 2,1 
U4-03 1257 phim-C 55,36 0,07 28,23 0,20 9,26 5,43 0,13 98,68 1083 378 48,5 0,8 
U5-01 1035 phimac-C 59,73 0,03 25,80 0,25 7,68 5,50 0,13 99,12 1238 119 43,6 0,9 
U5-02 1256 phim-C 55,23 0,03 28,26 0,24 9,82 4,83 0,60 99,01 932 405 52,9 3,7 
J1-01 1124 phim-C 55,24 0,07 28,86 0,44 9,58 5,34 0,08 99,61 961 315 49,8 0,5 
J2-01 485 phim-C 56,24 0,04 28,01 0,80 8,50 5,68 0,33 99,60 - - 45,3 2,0 
                              
Drill-core labels: Pig Lopuchowo, K Krzemianka, U Udryn, J Jeleniewo; K12 core number; -02 sample number     
*An = 100 [Ca/(Ca+Na)]; °Or = 100 [K/(Ca+Na+K)]           
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4.2.2. Pyroxenes and olivine corona 
 
The composition of orthopyroxene ranges from Ens74 to Ens57 (Table IV-2). The Mg# decreases 
upwards in each drill-core. MnO (0.30-1.55 wt.%) behaves as an incompatible element and increases 
with decreasing Mg#. The Al2O3 content of orthopyroxene spans a wide range from 0.91 to 4.03 wt.% 
and is positively correlated with the Mg#. It is worth noting that Wiszniewska et al. (2002) have 
described high-alumina orthopyroxene megacrysts in the Suwalki anorthosite. These orthopyroxene 
host plagioclase exsolution lamellae, testifying primary high Al2O3 content. 
 
As previously described (Figure IV-4C), orthopyroxene is locally surrounded by an olivine 
corona. The composition of olivine in three of these samples ranges from Fo64.4 to Fo68.0 (Table IV-2), 
while the associated orthopyroxene composition ranges from Ens69.9 to Ens73.7.  
 




Table IV-2. Microprobe analyses of orthopyroxene, olivine and clinopyroxene from Fe-Ti ores of the Suwalki 
anorthosite. 
             
 Depth (m)  SiO2 TiO2 Al2O3 FeOtot MnO MgO CaO Na2O Total Mg # 
                          
             
Orthopyroxene            
Pig-01 355 phimca-C 51,64 0,22 0,91 25,51 1,55 18,98 0,83 - 99,64 57,0 
Pig-06 1211 phimca-C 51,92 0,11 1,01 22,14 1,31 21,62 0,63 - 98,74 63,5 
K2-01 1014 phim-C 52,10 0,24 2,18 18,96 0,50 23,33 1,01 - 98,32 68,7 
K12-02 989 phim-C 52,06 0,24 2,01 18,70 0,49 24,02 1,14 - 98,66 69,6 
K12-05 1453 phimc-C 51,72 0,32 1,74 20,58 0,55 22,17 1,28 - 98,36 65,8 
K20-03 1611 phim-C 52,19 0,28 2,20 18,56 0,46 24,18 1,09 - 98,96 69,9 
K20-04 1622 phim-C 52,47 0,26 2,31 17,40 0,42 24,60 0,84 - 98,30 71,6 
K20-05 1721 phim-C 51,63 0,32 4,03 16,28 0,30 25,59 0,59 - 98,74 73,7 
K22-01 1717 phim-C 51,86 0,33 3,28 16,80 0,36 25,23 0,73 - 98,59 72,8 
K57-02 337 phim-C 52,52 0,25 3,32 16,31 0,38 26,02 0,69 - 99,49 74,0 
U2-01 1144 phim-C 51,43 0,20 1,54 22,32 0,66 21,64 0,76 - 98,55 63,3 
U2-03 1339 phimca-C 51,27 0,11 1,07 23,41 1,04 20,15 1,00 - 98,05 60,5 
U4-01 1168 phim-C 51,49 0,13 1,38 23,11 0,84 20,72 0,58 - 98,25 61,5 
U4-02 1205 phimca-C 51,63 0,10 1,09 23,92 1,26 20,42 0,80 - 99,22 60,3 
U4-03 1257 phim-C 52,02 0,35 1,78 19,40 0,48 23,63 1,25 - 98,91 68,5 
U4-05 1379 phim-C 51,56 0,23 3,16 18,57 0,40 24,29 0,49 - 98,70 70,0 
U5-02 1256 phim-C 51,72 0,17 1,49 21,47 0,62 22,25 0,86 - 98,58 64,9 
U5-04 1373 phim-C 51,96 0,28 3,25 16,70 0,34 25,37 0,61 - 98,51 73,0 
J1-02 1240 phimca-C 51,38 0,14 1,06 24,24 0,69 20,34 0,59 - 98,44 59,9 
J2-01 485 phim-C 52,08 0,13 1,72 21,80 0,87 22,38 0,32 - 99,30 64,7 
J2-02 741 phim-C 51,57 0,25 2,97 18,60 0,41 24,02 0,61 - 98,43 69,7 
J2-03 764 phim-C 52,23 0,30 3,55 16,29 0,30 25,89 0,55 - 99,11 73,9 
             
Olivine             
K20-03 1611 phim-C 36,50 0,05 0,04 30,77 0,47 31,22 0,03 - 99,08 64,4 
K20-05 1721 phim-C 36,84 0,03 0,01 28,28 0,36 33,66 0,01 - 99,19 68,0 
K22-01 1717 phim-C 36,55 0,03 0,02 29,06 0,39 32,63 0,02 - 98,70 66,7 
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Clinopyroxene            
Pig-01 355 phimca-C 50,44 0,28 1,79 10,78 0,68 12,27 21,48 0,43 98,15 67,0 
Pig-06 1211 phimca-C 51,31 0,28 1,88 8,88 0,59 13,37 22,51 - 98,82 72,9 
U2-03 1339 phimca-C 50,37 0,29 2,03 9,97 0,52 12,67 21,55 0,37 97,77 69,4 
U4-02 1205 phimca-C 49,51 0,63 2,03 10,56 0,51 13,17 20,72 0,40 97,53 69,0 
J1-02 1240 phimca-C 50,46 0,70 2,05 11,55 0,34 14,11 18,87 0,31 98,39 68,5 
                                        
 
4.2.3. Fe-Ti oxides 
 
The calculated proportion of ulvöspinel (Usp) in magnetite is highly variable, from 23.6 to 0.0, 
corresponding to TiO2 contents up to 7.77 wt.% (Table IV-3). Al2O3 in magnetite varies from 0.46 to 
4.44 wt.%, MnO from 0.02 to 0.28 wt.% and MgO from 0.12 to 1.40. 
 
Table IV-3. Magnetite composition from mineral separates (XRF analyses) of Fe-Ti ores of the Suwalki 
anorthosite. 
                
 Depth (m)  SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO Total Usp Ni V Cr Zn 
                                
                
Pig-01 355 phimca-C 0,60 1,20 0,94 64,92 31,67 0,12 0,13 99,58 3,4 158 2276 219 1319 
Pig-06 1211 phimca-C 0,40 0,00 0,68 68,51 30,91 0,04 0,20 100,74 0,0 74 2476 255 1036 
K12-02 989 phim-C 0,38 2,25 2,90 61,69 32,78 0,10 0,54 100,64 6,6 785 4317 562 843 
K12-04 1060 phim-C 0,61 6,26 4,04 52,43 35,64 0,24 1,02 100,24 18,9 657 4018 455 829 
K12-05 1453 phimc-C 0,48 3,46 2,79 58,89 33,38 0,11 0,67 99,78 10,3 290 4737 397 1182 
K20-03 1611 phim-C 0,33 7,77 3,97 49,37 37,00 0,27 0,96 99,67 23,6 564 3773 501 811 
K20-05 1721 phim-C 0,28 6,19 4,28 52,48 35,39 0,19 1,23 100,04 18,8 745 5068 1377 458 
K20-06 1735 phim-C 0,05 5,89 3,99 53,39 34,74 0,19 1,40 99,65 17,8 763 5712 957 273 
K20-09 1903 phim-C 0,07 0,87 1,95 65,13 31,45 0,03 0,42 99,92 2,5 644 6739 2861 73 
K22-01 1717 phim-C 0,45 6,66 4,44 51,17 35,87 0,21 1,14 99,94 20,3 628 4923 1157 537 
K48-03 1122 phim-C 0,00 5,49 3,08 54,61 34,77 0,22 0,90 99,07 16,4 620 5384 2719 382 
K73-01 1851 phim-C 0,03 1,00 1,87 64,82 31,18 0,06 0,59 99,55 2,9 421 5918 2800 281 
U2-01 1144 phim-C 0,26 2,81 2,38 60,85 33,12 0,10 0,50 100,02 8,3 250 5055 725 1117 
U2-04 1397 phimca-C 0,21 1,08 1,28 65,50 31,67 0,07 0,32 100,13 3,1 183 2520 210 1863 
U2-06 1512 phim-C 0,23 5,24 4,03 53,93 34,95 0,12 0,81 99,31 16,1 791 4951 5330 617 
U4-01 1168 phim-C 0,28 2,95 2,46 60,57 33,33 0,13 0,46 100,18 8,6 530 4801 1002 1638 
U4-03 1257 phim-C 0,33 7,41 3,66 50,24 36,54 0,28 0,95 99,41 22,4 787 4196 1615 817 
U4-05 1379 phim-C 0,00 4,73 3,53 55,23 34,70 0,14 0,56 98,89 14,4 694 4890 6781 488 
U5-01 1035 phimca-C 0,43 0,00 0,46 68,85 31,05 0,02 0,12 100,93 0,0 35 2012 170 266 
U5-02 1256 phim-C 0,18 3,09 2,53 60,13 33,18 0,10 0,62 99,83 9,2 358 4992 628 1630 
U5-04 1373 phim-C 0,23 4,44 3,54 55,89 34,13 0,13 0,77 99,13 13,5 839 5025 4371 377 
J1-01 1124 phim-C 0,19 4,28 3,02 57,28 33,96 0,17 0,82 99,72 12,7 620 4926 969 751 
J2-01 485 phim-C 0,58 0,64 1,75 65,19 30,85 0,05 0,46 99,52 1,8 163 5212 1068 1088 
                                Major elements in weight percent, FeO and Fe2O3 recalculated from Fe2O3tot by charge balance; molar fractions of ulvöspinel (Usp) calculated 
following QUIlF algorithm (Andersen et al., 1993); trace elements in parts per million (ppm) 
 
 
Ilmenite has an hematite content below the threshold of exsolution, from 1.2 to 7.5 mol% 
(Table IV-4). The MgO content, very sensitive to subsolidus re-equilibration (Charlier et al., 2007), 
varies from 0.74 to 3.12 wt.%. 
 
IV. Fe-Ti deposits in the Suwalki anorthosite 
135 
Table IV-4. Microprobe analyses of ilmenite from Fe-Ti ores of the Suwalki anorthosite. 
              
 Depth (m)  TiO2 Al2O3 Fe2O3 FeO MnO MgO Total Xgeik Xpyr Xhem Xilm 
                            
              
K2-05 1123 phim-C 50,51 0,05 5,41 41,83 0,92 1,49 100,21 0,055 0,019 0,051 0,874 
K12-02 989 phim-C 51,18 0,06 3,64 42,52 0,91 1,45 99,76 0,054 0,019 0,034 0,892 
K20-03 1611 phim-C 52,44 0,05 2,41 42,41 0,74 2,24 100,29 0,083 0,016 0,022 0,879 
K20-04 1622 phim-C 52,88 0,06 1,30 41,30 0,68 3,12 99,34 0,115 0,014 0,012 0,858 
K20-05 1721 phim-C 52,33 0,05 1,99 42,41 0,72 2,20 99,70 0,082 0,015 0,019 0,884 
K57-02 337 phim-C 48,99 0,05 7,93 39,81 0,79 1,93 99,50 0,072 0,017 0,075 0,836 
U2-01 1144 phim-C 50,52 0,06 4,74 41,75 0,82 1,60 99,49 0,060 0,017 0,045 0,878 
U4-03 1257 phim-C 52,58 0,05 1,83 42,28 0,78 2,36 99,88 0,087 0,016 0,017 0,879 
U4-05 1379 phim-C 51,65 0,04 2,12 44,27 0,85 0,74 99,67 0,028 0,018 0,020 0,934 
U5-02 1256 phim-C 51,58 0,06 3,03 42,03 0,85 1,96 99,51 0,073 0,018 0,028 0,880 
U5-04 1373 phim-C 51,33 0,05 2,58 43,13 0,89 1,19 99,17 0,045 0,019 0,025 0,912 
J2-02 741 phim-C 51,50 0,05 2,99 41,86 0,80 2,04 99,24 0,076 0,017 0,028 0,879 
                            
Major elements in weight percent, FeO and Fe2O3 recalculated from Fe2O3tot by charge balance; molar fractions of geikielite, pyrophanite, 





The molar Mg/Fe ratio of aluminous spinel is close to 1 (Table IV-5) corresponding to pleonaste 
composition. No significant compositional variations have been observed between pleonaste occurring 
either as large external granule exsolutions, as discrete exsolution lamellae in magnetite and ilmenite 
or in the reaction rim between ilmenite and magnetite. From sample to sample, Xhercynite varies from 
0.488 to 0.636 (Table IV-5). The ZnO and MnO contents are low, reflected by low Xgahnite (0.014-
0.041) and Xgalaxite (0.003-0.005) proportions. 
 
As illustrated in Figure IV-4B, large grains of pleonaste are zoned with a higher Xhercynite 
content in the core and a continuous Xpleonaste enrichment towards the margin. The difference between 
core and rim composition for Xhercynite is 0.048±0.021. Note that when in contact with a silicate phase 
(with e.g. plagioclase in Figure IV-4B), pleonaste is not zoned. This suggests that the zoning (Fe-rich 
core and Mg-rich rim) results from post-exsolution re-equilibration with Fe-Ti oxides. 
 
Table IV-5. Microprobe analyses of pleonaste from Fe-Ti ores of the Suwalki anorthosite. 
                
 Depth (m) n TiO2 Al2O3 FeO MgO MnO Cr2O3 ZnO V2O3 Total Xherc Xspinel Xgal Xgah 
                                
                
K2-01 1014 12 0,02 60,90 23,36 12,08 0,19 0,14 1,83 - 98,52 0,500 0,461 0,004 0,035 
K2-02 1082 8 0,12 59,80 25,64 11,60 0,19 0,43 0,84 - 98,62 0,543 0,438 0,004 0,016 
K2-05 1123 10 0,27 61,45 23,40 12,87 0,19 0,50 1,06 - 99,74 0,493 0,483 0,004 0,020 
K12-02 989 3 0,03 59,90 26,79 9,90 0,25 0,14 2,17 0,06 99,24 0,575 0,379 0,005 0,041 
K20-04 1622 8 0,05 60,78 23,37 12,93 0,18 0,14 1,42 - 98,87 0,488 0,482 0,004 0,026 
K22-01 1717 8 0,07 60,58 24,84 12,18 0,16 0,26 1,03 - 99,12 0,522 0,456 0,003 0,019 
U4-05 1379 2 0,42 58,40 29,25 8,75 0,21 1,42 1,03 0,05 99,53 0,636 0,339 0,005 0,020 
U5-04 1373 2 0,04 58,66 27,83 10,59 0,20 0,72 1,01 0,09 99,14 0,582 0,395 0,004 0,019 
J2-02 741 8 0,06 59,40 25,69 11,53 0,18 0,44 1,18 - 98,48 0,541 0,433 0,004 0,022 
J2-03 764 8 0,09 60,10 24,72 12,76 0,17 0,74 0,78 - 99,36 0,512 0,471 0,004 0,014 
                                
Xherc, Xspinel, Xgal and Xgah are molar fractions of hercynite (FeAl2O4), spinel (MgAl2O4), galaxite (MnAl2O4) and gahnite (ZnAl2O4) 
respectively; n is the number of microprobe analyses  
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4.3. Whole-rock composition of cumulates 
 
Eighteen whole-rock analyses (Table IV-6) are plotted in major element binary diagrams (Figure IV-
7). SiO2 has been chosen as the variation index, as it is essentially correlated with the modal 
abundance of plagioclase and orthopyroxene in the cumulates. Compositional ranges of cumulus 





Figure IV-7. Binary major elements variation diagrams of bulk cumulates from the Suwalki anorthosite. The 
compositional ranges of cumulus minerals are represented by a elliptic area or indicated by an arrow: plag 
plagioclase, opx orthopyroxene, mt magnetite, ilm ilmenite, cpx clinopyroxene, pl pleonaste. 
 
 
Principal components analysis has been performed on whole-rock compositions in order to 
constrain the main controlling factors on compositional variation. Factor loadings for bulk cumulates 
have been derived from the correlation matrices. Most of the variation in the data is explained by two 
principal components, which together account for 86% of the variance. The first principal component 
represents 66% of the total variance and is heavily positively loaded by SiO2, Al2O3, Na2O, CaO and 
K2O and to a lesser extend by MgO and negatively by TiO2 and Fe2O3. The variability of bulk 
cumulate compositions may thus be explained by the relative proportion of plagioclase and 
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ferromagnesian silicates on one side and of Fe-Ti oxides on the other side. This is illustrated by the 
linear trend in the Fe2O3tot vs. SiO2 diagram (Figure IV-7). Principal component 2 (20% of the total 
variance) is essentially loaded by P2O5 and MnO. It represents the compositional difference of more 
evolved cumulates with cumulus apatite. In the Al2O3 vs. SiO2 diagram, the intercept at 0 wt.% SiO2 
above oxides compositions puts forward the role of external granule exsolution of pleonaste for bulk 
cumulates composition. It also shows that liquidus magnetite and ilmenite had initially higher Al2O3 
contents before the exsolution process. 
 
 
Table IV-6. Whole-rock composition of Fe-Ti cumulates from the Suwalki anorthosite. 
                   Depth (m)  SiO2 TiO2 Al2O3 Fe2O3tot MgO MnO CaO Na2O K2O P2O5 Total Ni V Cr Zn 
                                                      Pig-06 1211 phimca-C 43,90 3,01 17,19 18,76 4,19 0,30 8,77 2,26 0,48 0,52 99,38 2 105 136 230 
K12-04 1060 phim-C 23,33 7,34 9,04 49,11 7,39 0,27 3,32 0,85 0,15 0,01 100,81 384 1436 254 494 
K20-03 1611 phim-C 15,28 9,28 10,10 57,74 3,02 0,25 3,40 1,09 0,17 0,01 100,34 505 1871 335 628 
K20-05 1721 phim-C 11,03 9,48 10,02 61,80 5,15 0,22 2,14 0,52 0,08 0,01 100,45 599 2603 764 678 
K20-06 1735 phim-C 2,61 9,92 9,95 71,87 5,17 0,24 0,64 0,01 0,04 0,01 100,46 1035 3839 849 928 
K20-07 1813 phim-C 29,78 5,60 11,82 39,54 8,12 0,22 4,45 1,25 0,15 0,01 100,94 376 987 240 355 
K20-08 1863 phim-C 0,46 11,05 7,75 76,25 5,01 0,24 0,12 0,01 0,05 0,01 100,95 917 3991 958 937 
K48-03 1122 phim-C 2,95 12,96 5,83 73,59 3,69 0,29 0,77 0,01 0,04 0,01 100,14 586 3397 1758 1063 
U2-02 1169 phim-C 24,89 8,22 10,09 45,92 5,55 0,28 4,07 1,38 0,30 0,15 100,85 315 1123 264 473 
U4-02 1205 phimca-C 32,07 5,13 7,73 35,92 6,87 0,43 8,96 0,92 0,71 2,06 100,80 32 259 127 490 
U4-03 1257 phim-C 12,14 9,75 7,55 63,76 3,76 0,27 2,29 0,82 0,22 0,05 100,61 746 2362 980 708 
U4-04 1330 phim-C 4,75 11,21 6,29 71,39 3,10 0,28 1,25 1,85 0,16 0,03 100,31 717 3005 4409 1015 
U4-05 1379 phim-C 5,49 11,80 6,80 69,46 3,46 0,29 1,22 0,57 0,11 0,01 99,21 689 2859 4226 932 
U4-06 1408 phim-C 1,86 11,97 6,63 73,18 4,05 0,28 0,44 0,01 0,04 0,01 98,47 966 3320 8214 878 
U5-02 1256 phim-C 31,16 7,06 11,69 37,49 5,94 0,25 5,00 1,47 0,31 0,11 100,48 189 871 209 341 
U5-04 1373 phim-C 2,82 11,82 6,57 73,90 3,29 0,28 0,84 0,01 0,04 0,01 99,58 1018 3219 2788 959 
J1-01 1124 phim-C 14,32 9,22 8,15 60,38 4,33 0,27 2,72 0,80 0,16 0,07 100,42 707 2080 546 738 
J1-02 1240 phimca-C 41,58 4,36 14,42 22,98 5,74 0,23 7,91 2,04 0,39 0,45 100,10 21 348 121 186 
                                     
 
 
4.4. Composition of fine-grained rocks 
 
Fine-grained rocks are typically high in Fe2O3tot (13.33-21.80 wt.%) and TiO2 (up to 3.60 wt.%) (Table 
IV-7). Similar compositions are commonly associated with massif-type anorthosites and occur as 
chilled margins of plutons (Demaiffe and Hertogen, 1981; Robins et al., 1997), in dykes (Duchesne et 
al., 1989) or as pillows (Bolle and Duchesne, 2007). They are also referred to as ferrodiorites, jotunites 
(hypersthene monzodiorites) or monzonorites (e.g. Mitchell et al., 1996; Vander Auwera et al., 
1998b). In the Suwalki anorthosite, fine-grained ferrodioritic (jotunitic) rocks have also been described 
by Wiszniewska et al. (2002). The liquid line of descent of these compositions has been highly 
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Table IV-7. Major and trace element composition in ferrodiorites from the Mazury complex. 
          
 PIG-03 PIG-04 S1-01 S1-02 S2-07 S2-08 S2-09 JW9718* JW974* 
                    
          
Major elements (wt.%)         
SiO2 49,79 46,52 48,26 47,93 43,41 48,07 43,00 46,74 42,53 
TiO2 2,23 2,24 1,61 1,72 2,81 2,48 3,60 2,26 3,45 
Al2O3 16,10 15,75 16,13 15,92 12,91 13,79 13,19 16,33 15,19 
Fe2O3tot 13,33 17,93 14,74 15,63 21,80 18,08 21,34 16,53 19,05 
MnO 0,22 0,29 0,26 0,26 0,33 0,35 0,35 0,26 0,26 
MgO 2,95 4,38 6,32 6,29 5,54 3,47 4,93 4,46 5,4 
CaO 7,02 8,27 8,68 8,91 9,60 8,81 10,28 9,31 9,81 
Na2O 3,08 3,19 2,86 2,74 1,99 2,29 2,17 2,5 2,76 
K2O 2,57 0,98 0,48 0,48 0,42 0,74 0,51 0,52 0,5 
P2O5 0,75 0,48 0,27 0,34 0,31 0,56 1,09 0,66 1,23 
LOI 1,58 0,42 0,86 1,49 1,74 1,99 0,14 0,34 0,18 
Total 99,62 100,45 100,47 101,71 100,86 100,63 100,60 99,91 100,36 
          
Trace elements (ppm)         
U 0,66 0,29 0,09 0,12 0,11 0,16 0,17 0,09 0,13 
Th 3,69 1,37 0,08 0,37 0,31 0,85 0,85 0,49 1,06 
Zr 1032 165 81 58 67 78 91 96 79 
Hf 22,7 4,1 2,4 1,7 2,1 2,4 2,8  1,7 
Zr/Hf 45,5 40,2 33,8 34,1 31,9 32,5 32,5  46,5 
Nb 23,3 19,0 6,9 6,1 6,0 8,3 9,7 10,2 10,7 
Ta 1,13 1,04 0,59 0,50 0,39 0,61 0,57 0,45 0,52 
Nb/Ta 20,6 18,3 11,7 12,2 15,4 13,6 17,0 22,7 20,6 
Rb 48,4 14,0 1,7 3,5 2,4 6,2 4,1 7,0 7,0 
Sr 518 402 510 530 391 478 444 684 608 
Ba 2192 541 479 406 325 656 327 510 319 
Ni 21 34 84 82 54 30 38   
V 183 315 270 334 529 297 352 485 522 
Cr 11,5 20,7 65,3 93,3 13,6 23,8 18,0   
Zn 199 263 152 154 212 209 241 198 244 
Co 30 45 57 67 70 41 56 67 66 
Cu 26 47 57 74 126 122 108   
Ga 28 35 25 27 25 26 28 23 28 
Pb 22,4 15,7 4,8 5,1 4,5 5,9 3,8 6 8 
Y 64 52 27 23 23 38 42 25 43 
La 99 69 22 18 16 31 33 34 48 
Ce 227 145 46 41 35 67 77 72 112 
Pr 29,0 18,5 6,1 5,5 5,3 9,4 11,2 10,1 16,8 
Nd 113 74 25 24 24 42 51 42 71 
Sm 21,1 14,7 4,7 4,7 5,6 8,7 11,0 7,6 14,7 
Eu 4,8 4,8 2,1 2,0 2,0 3,0 3,2 2,4 3,7 
Gd 16,8 11,4 4,8 4,2 5,1 8,2 10,0 6,6 12,7 
Tb 2,27 1,75 0,77 0,61 0,81 1,22 1,5 0,85 1,66 
Dy 12,0 9,5 4,6 4,0 4,7 6,4 8,1 4,6 8,2 
Ho 2,50 1,95 1,03 0,82 1,00 1,46 1,71 0,89 1,61 
Er 6,43 5,16 2,68 2,06 2,63 4,02 4,4 2,44 3,77 
Tm 0,80 0,66 0,33 0,29 0,36 0,53 0,56 0,32 0,51 
Yb 4,88 4,20 2,57 1,91 2,28 3,40 3,62 2,30 2,82 
Lu 0,71 0,60 0,35 0,27 0,34 0,50 0,53 0,33 0,37 
[La/Yb]n 13,2 10,6 5,4 6,2 4,5 5,9 5,8 9,6 11,0 
Eu/Eu* 0,80 1,14 1,38 1,37 1,17 1,10 0,94 1,04 0,83 
                    








5.1. Parental magma composition 
 
Using the Melts algorithm of Ghiorso 
and Sack (1995) to assess the liquidus 
assemblage of the ferrodiorites and 
inversion of plagioclase composition, 
Wiszniewska et al. (2002) have 
identified fine-grained ferrodiorites 
(Table IV-7) as parental magma to the 
Suwalki anorthosite. These 
compositions are similar to the parental 
magma of the Bjerkreim-Sokndal 
layered intrusion (Duchesne and 
Hertogen, 1988; Vander Auwera and 
Longhi, 1994; Robins et al., 1997), 
though slightly TiO2-poorer and CaO-
richer. Moreover, the composition of the 
most primitive orthopyroxene in our 
dataset (Ens74) is the same as in the 
Bjerkreim-Sokndal layered intrusion 
(Wilson et al., 1996). 
 
The composition of fine-grained 
rocks of the Suwalki anorthosite is 
compared in Figure IV-8 to primitive 
jotunites of the Rogaland Anorthosite 
Province, where ilmenite crystallized 
before magnetite. While the MgO 
content in liquids from the Rogaland 
and Suwalki are roughly similar, the TiO2 content in Suwalki (1.6-3.6 wt.%) is significantly lower to 
that in Rogaland (3.5-5.4 wt.%) while the Fe2O3tot/TiO2 is higher (5.5-9.2 vs. 2.7-4.5). 
 
5.2. Liquidus phases, sequence of crystallization and the Fe-Ti 
oxides saturation 
 
Experimental liquidus phases of plausible parent magmas of massif-type anorthosite are plagioclase + 
orthopyroxene (Fram and Longhi, 1992; Vander Auwera et al., 1998b; Longhi et al., 1999). This is 
illustrated in the Suwalki anorthosite by the occurrence of high-alumina orthopyroxene and 
 
Figure IV-8. Binary major elements variation diagrams of 
fine-grained ferrodiorites from the Mazury complex compared 
to primitive jotunites of the Rogaland Anorthosite Province 
(data from Charlier et al., 2006). 
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plagioclase megacrysts (Wiszniewska et al., 2002) which represent the first crystallizing cumulates. In 
samples of Fe-Ti ores, magnetite and ilmenite are associated with plagioclase and orthopyroxene. 
Some rocks correspond to pure Fe-Ti oxides ores but these are always spatially close to plagioclase-
orthopyroxene noritic rocks. A few samples also contain clinopyroxene ± apatite. 
 
While a sequence a crystallization may hardly be clearly defined in an anorthositic mush, the 
parageneses in Suwalki are similar to those observed in the Bjerkreim-Sokndal layered intrusion, also 
associated with massif-type anorthosite in SW Norway (Wilson et al., 1996; Duchesne, 2001). The 
lower part of this intrusion consists of a 7000 m-thick series of cumulates (the “Layered Series”), and 
has been subdivided into 5 megacyclic units (MCUs), each corresponding to the crystallization of a 
new magma influx that mixed with residual resident liquid. In each MCU, the beginning of the 
sequence of crystallization is slightly variable (Wilson et al., 1996) but is usually: plagioclase, 
ilmenite, (or plagioclase + olivine + ilmenite + magnetite), orthopyroxene, magnetite, clinopyroxene 
together with apatite. It can thus be concluded that the different parageneses observed in Fe-Ti ores of 
the Suwalki anorthosite are similar to those of the Bjerkreim-Sokndal layered intrusion and are thus 
related by a process of fractional crystallization. The only difference with the Suwalki anorthosite is 
the earlier appearance of ilmenite compared to magnetite. 
 
The stability fields of Fe-Ti oxides are largely influenced by the oxygen fugacity (fO2) (e.g. 
Snyder et al., 1993; Toplis and Carroll, 1995). At high fO2 and fixed melt composition, the magnetite-
ulvöspinel solid solution precedes the appearance of the ilmenite-hematite solid solution while at low 
fO2, this order is reversed. However Toplis and Carroll (1995) have suggested that fO2 probably exerts 
a main control on the stability of magnetite whereas the crystallization of ilmenite as the first oxide is 
probably controlled by the TiO2 content of the melt. It is clear from Figure IV-8 that primitive liquid 
compositions in the Rogaland Anorthosite Province have a significantly higher TiO2 content compared 
to that of the Mazury complex. The early saturation of magnetite in the Suwalki anorthosite and the 
high magnetite/ilmenite ratio in Fe-Ti ores compared to the dominance of hemo-ilmenite in the 
Rogaland Anorthosite Province (Duchesne, 1999; Charlier et al., 2007) is thus a result of a higher 
Fe/Ti ratio of the parental magma, possibly combined with higher fO2 conditions. 
 
5.3. The proportion of liquidus phases: evidence for crystal sorting 
 
The bulk chemical composition of a cumulate depends on the nature and composition of the cumulus 
minerals, their respective modal abundances and the proportion and composition of trapped liquid. 
Except in sample with cumulus apatite and P2O5>0.45 wt.%, the P2O5 content of bulk cumulates is 
very low (ca. 0.01 wt.%; Table IV-6) which reflects a very low trapped liquid fraction. Consequently, 
bulk cumulates composition with the same parageneses and broadly similar liquidus phase 
compositions essentially depends on the relative proportion of these cumulus phases.  
 
Major elements in cumulates display linear trends in variation diagrams (Figure IV-7). This 
implies that the relative proportion of cumulus phases is not chaotic but, as previously described, is 
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controlled by the relative proportion of two poles: plagioclase and Fe-Mg silicates relative to Fe-Ti 
oxides. In cumulates from the Suwalki anorthosite, density contrast between liquidus phases thus plays 
an important role and is probably responsible for crystal sorting. This two-pole cumulate concept is 
slightly different to that described by Duchesne and Charlier (2005) for the Bjerkreim-Sokndal layered 
intrusion. In these cumulates, one pole of the linear trend is represented by plagioclase, and the other 
by a mixture of the mafic minerals in constant proportion. This suggests that crystal settling did not 
operate during cumulate formation, and that in situ crystallization with variable nucleation rate for 
plagioclase was the dominant formation mechanism.  
 
In the Fe2O3tot vs. SiO2 (Figure IV-7), the pole at 0 wt.% SiO2 permits the calculation of the 
relative proportion of magnetite and ilmenite. Considering average Fe2O3tot content in magnetite (92.5 
wt.%) and in ilmenite (50.2 wt.%), the relative proportion of magnetite and ilmenite is 64% and 36% 
respectively. These proportions are highly constant as illustrated by the well-defined linear trend in 
Figure IV-7. 
 
5.4. Fractionation trends for the different Fe-Ti occurrences 
 
Even if the different Fe-Ti occurrences are associated with the single Suwalki pluton, data reveal that 
each deposit has its own characteristics. Indeed, Figures IV-9A-B display the evolution of Al2O3 and 
Mg# of orthopyroxene as a function of Cr in magnetite, considered as a differentiation index. Two 
trends are depicted which discriminate the Udryn and Jeleniewo deposits from Krzemianka. These 
trends join and meet the two samples from Lopuchowo. A single trend is shown in the Al2O3 vs. Mg# 
of orthopyroxene (Figure IV-9C). 
 
Experiments by Longhi et al. (1993) have demonstrated that the Al2O3 partitioning between 
orthopyroxene and plagioclase-saturated liquid is directly correlated with the pressure of 
crystallization, and to a lesser extent with the temperature of crystallization. Other compositional 
controls have relatively minor effects. In the Suwalki anorthosite, Al2O3 in orthopyroxene varies from 
4 to ca. 1 wt.% (Figures IV-9A-C). A similar trend of decreasing of Al2O3 in orthopyroxene with Mg# 
is observed in the Bjerkreim-Sokndal layered intrusion (Robins and Wilson, unpublished data) where 
Al2O3 in orthopyroxene ranges from 2.5-1 wt.% which can only be attributed to the decreasing 
temperature with differentiation. In the Suwalki anorthosite, the higher Al2O3 content of 
orthopyroxene results from a higher pressure of crystallization compared to Bjerkreim-Sokndal that 
crystallized around 5 kbar (Vander Auwera and Longhi, 1994). The larger range from 4 to 1 wt.% may 
be explained by decreasing pressure with differentiation. This is supported by the two trends of 
Figures IV-9A-B which imply that each deposit followed its own P-T path of crystallization from 
residual melt of the anorthosite pluton that were swept along during the uprising of the anorthosite 
diapir. 
 




Figure IV-9. Variation diagrams of the composition of cumulus phases from Fe-Ti ores in the Suwalki 
anorthosite. (A-B) Al2O3 content and Mg# of orthopyroxene as a function of Cr in magnetite (log unit). (C) Mg# 
vs. Al2O3 content of orthopyroxene. (D) Ba vs. Sr in plagioclase. 
 
 
Similarly, the Sr and Ba contents of plagioclase (Figure IV-9D) discriminate the Udryn from 
the Krzemianka deposits. This could reflect different compositions of parental magma or various 
degrees of contamination. Sr isotopic data would further constrain this issue. Diversity among 
primitive magmas in a single anorthosite province has already been evidenced by Bolle et al. (2003) in 
Norway. It is interpreted to result from partial melting of variable mafic lower crust components 
(Longhi, 2005). 
 
5.5. Polybaric crystallization of the ore bodies: insights from olivine 
corona around orthopyroxene 
 
While the occurrence of orthopyroxene corona around olivine has been largely documented and 
variously interpreted (e.g. Grant, 1988; De Haas et al., 2002), olivine corona around orthopyroxene 
has never been described. The composition of three pairs of orthopyroxene and its olivine corona in 
the Suwalki anorthosite have been analysed: Ens69.9-Fo64.4; Ens72.8-Fo66.7; Ens73.7-Fo68.0. 
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The MgO partitioning between orthopyroxene and coexisting silicate melt ( opxMgOD ) may be 
determined from the experiments of Fram and Longhi (1992), Vander Auwera and Longhi (1994) and 
Longhi et al. (1999) performed at pressure from 5 to 13 kbar on liquids associated with massif-type 
anorthosites: liqopxDK
−  = [(FeO)opx/(FeO)liq] · [(MgO)liq/(MgO)opx] = 0.28 ± 0.01. The Mg# of the liquid 
in equilibrium with olivine may be calculated from liqolDK
−  = 0.30 of Roeder and Emslie (1970). This 
implies that orthopyroxene will have a slightly higher Mg# (ca. 7 %) compared to olivine crystallized 
from the same liquid. 
 
The composition of 
orthopyroxene-olivine pairs from 
Fe-Ti ores of the Suwalki 
anorthosite shows that these 
minerals have been equilibrated 
with the same melt composition. 
This texture may be explained by 
the experiments of Vander 
Auwera and Longhi (1994) on 
jotunitic composition (Figure IV-
10). Indeed, the stability field of 
orthopyroxene + plagioclase (± 
Fe-Ti oxides) is encountered for 
pressure > ca. 5 kbar. At lower 
pressure, a jotunitic melt 
crystallize olivine + plagioclase (± 
Fe-Ti oxides). Consequently, the 
decompression produced by the 
diapiric uprise of the anorthosite 
pluton is most likely responsible for the translation from the stability field of orthopyroxene to that of 
olivine and for the formation of olivine corona around destabilised orthopyroxene. 
 
5.6. V in magnetite: evidence for high fO2 
 
Cr and V are usually considered as highly compatible elements in magnetite. However, experiments in 
ferrobasalts by Toplis and Corgne (2002) have evidenced the relation of MtVD  and MtCrD  with fO2. In P-
bearing systems, MtCrD  increases from 27 to 291 with decreasing oxygen fugacity from NNO+2.6 to 
NNO-0.7, while MtVD  increase from 2 to 29. Consequently, in so far as the cotectic proportion of 
magnetite is higher than 4%, Cr will have a bulk compatible behaviour ( BulkCrD > 1). However, for 
relatively high fO2 and thus low MtVD and the same proportion of magnetite, V could globally behave 
as an incompatible element.  
 
 
Figure IV-10. Pressure-temperature phase diagram of a primitive 
jotunite from the Rogaland Anorthosite Province (sample 80.12.3A; 
after Vander Auwera and Longhi 1994). The arrow indicates the 
adiabatic decompression. 
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In Fe-Ti ores of the Suwalki 
anorthosite, Cr in magnetite displays a 
large range from ca. 7000-700 ppm 
while V in magnetite remains close to 
5000 ppm in phim-C (Figure IV-11). 
Similarly, V in magnetite remains 
globally constant for a large range of 
Mg# of orthopyroxene (75-60), except 
for magnetite from Lopuchowo which 
has significant lower V contents. 
Actually, the measured V content in 
magnetite separates is even slightly 
higher than the real liquidus 
composition due to external granule 
exsolution of pleonaste. Indeed, the V 
content of pleonaste (ca. 500 ppm, Table 
IV-5) is about 10 times lower than the V 
content of magnetite (ca. 5000 ppm, 
Table IV-3) and its exsolution is 
responsible for the relative enrichment 
of magnetite. The constant V content in 
magnetite implies a BulkVD around 1 in 
phim-C which is interpreted to result 
from a relatively high fO2 in primitive 
cumulates. This results from the high 
proportion of V4+ and V5+ valences at 
high fO2, which are less partitioned in 
magnetite compared to V3+ (Toplis and 
Corgne, 2002). The high fO2 is thus responsible for the relatively low V content in magnetite 
compared to the Bushveld complex where it reaches 1.3% V at the base of the magnetite layers 
(Cawthorn and Molyneux, 1986) or the Fedorivka layered intrusion (up to 1.85 wt.% V; Duchesne et 
al., 2006). 
 
V in magnetite starts decreasing significantly in more evolved cumulates in which 
clinopyroxene ± apatite are liquidus phases. This is interpreted to result from a decreasing fO2 with 
differentiation. This evolution of fO2 after magnetite saturation is consistent with classical trends of 
fO2 in layered intrusions under conditions closed to oxygen (Snyder et al., 1993). Indeed, after 
magnetite crystallization, the Fe2O3/FeO ratio in the melt decreases, thereby decreasing the relative 
oxygen fugacity. This also explains why the crystallization of ilmenite often closely follows the 
appearance of liquidus magnetite. Similar experiments by Vander Auwera and Longhi (1994) on the 
Bjerkreim-Sokndal layered intrusion reach the same conclusions. 
 
 
Figure IV-11. Mg# of orthopyroxene as a function of V in 
magnetite (log unit); b Cr (log unit) as a function of V (log 
unit) in magnetite and pleonaste. Same legend as Fig. 9. 
 





Fe-Ti-rich rocks responsible for gravimetric and magnetic anomalies in the Suwalki anorthosite and 
intersected by drill-cores at 350-2800 m depth are closely related to the emplacement of the 
anorthosite pluton and do not represent isolated magma chambers. These rocks are cumulates and the 
different parageneses are related by a fractional crystallization process. Parental ferrodioritic magma 
of anorthosite, initially saturated in plagioclase + orthopyroxene, displays early saturation of magnetite 
+ ilmenite, followed by clinopyroxene and apatite. Crystal sorting of Fe-Ti oxides relative to 
plagioclase and ferromagnesian silicates is responsible for the formation of oxide-enriched layers. This 
sorting was favoured by the dynamic and diapiric uprising of the anorthosite pluton during the 
crystallization of Fe-Ti-enriched cumulates, as shown by polybaric evidences such variable Al2O3 
content in orthopyroxene and olivine corona around orthopyroxene. Different differentiation trends for 
the deposits indicate that each occurrence followed its own P-T path of crystallization. Contrarily to 
presently exploited Fe-Ti deposits, Fe-Ti cumulates from the Suwalki anorthosite are dominated by 
magnetite with minor ilmenite. The relatively low TiO2 content and high Fe/Ti ratio of parental 
ferrodiorites of the Suwalki anorthosite compared to primitive liquids from the Rogaland anorthosite 
province explain the high cotectic magnetite/ilmenite proportion. The crystallization of magnetite is 
further supported by high fO2 conditions, inferred from the low and constant V content in magnetite. 
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The formation of Fe-Ti ore by immiscibility of Fe-Ti-(P)-rich melts is a long-lasting and widespread 
erroneous interpretation of the petrogenesis of Fe-Ti deposits (Bateman, 1951; Lister, 1966; Philpotts, 
1967; Kolker, 1982; Speczik et al., 1988; Zhou et al., 2005). This model partly results from the 
interstitial texture of Fe-Ti oxides and from comparisons with “normal” basaltic melts that crystallized 
Fe-Ti oxides as late liquidus phases. Even ferrobasalts such as parental magma to the Skaergaard 
layered intrusion crystallize ilmenite and magnetite after plagioclase, olivine and clinopyroxene (e.g. 
McBirney, 1996). Some recent studies have however proposed a cumulate origin for Fe-Ti ores 
(Duchesne, 1999; Dymek and Owens, 2001). Moreover, experimental studies on the jotunitic liquid 
line of descent (Vander Auwera et al., 1998b) and detailed stratigraphy of the Bjerkreim-Sokndal 
layered intrusion (Duchesne, 1972; Wilson et al., 1996) have revealed the possible early saturation of 
ilmenite. This atypical sequence of crystallization is a characteristic of dense Fe-Ti-P-rich melt 
associated with andesine anorthosite. Specific experiments on Fe-Ti magma immiscibility (Lindsley, 
2003) have even concluded that Fe-Ti oxide magmas do not exist.  
 
This study of several localities with major Fe-Ti resources has further demonstrated the 
cumulate origin of Fe-Ti ores. The large diversity of Fe-Ti ores associated with massif-type 
anorthosite is in accordance with the variety of their geological environment and of the controlling 
factors on Fe-Ti oxides stability, composition and microtextures. However, they are all related to a 
single model of formation involving fractional crystallization with early saturation of Fe-Ti oxides and 
relative enrichment of the oxides due to plagioclase buoyancy. Variables are parental magma 
composition, oxygen fugacity, morphology of host magma chamber and its deformation conditions, 
pressure of crystallisation and postcumulus evolution. 
 
The flotation of plagioclase in Fe-Ti deposits has essentially been evidenced from calculation 
of cotectic proportion of ilmenite. Direct evidence for floated plagioclase mush have not been 
presented. However, work in progress on the Tellnes and Lac Tio deposits shows that some grey 
anorthositic rocks spatially related with Fe-Ti deposits, and at a higher stratigraphic level, display 
different characteristics compared to the host coarse-grained pink anorthosites. They may represent the 
upper part of intrusions hosting Fe-Ti ores. The occurrence of a pink anorthosite xenolith in a finer-
grained grey anorthosite is shown in Figure V-1. A detailed study of the major and trace element 
content of plagioclase in these rocks should discriminate the two populations. 
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Figure V-1. Anorthosite in anorthosite in the eastern part of the Lac Tio deposit. The host anorthosite might 
represent floated plagioclase at the top of the deposit magma chamber while the xenolith probably comes from 




The role of gravity-induced deformation which has first been evidenced in the Bjerkreim-
Sokndal layered intrusion (Paludan et al., 1994; Bolle et al., 2000, 2002), has been interpreted as the 
controlling factor on the morphology of the Tellnes ilmenite deposit and its preferred minerals 
orientation (Charlier et al., 2006). This interpretation is in complete disagreement with previous work 
on Tellnes by Diot et al. (2003). Indeed, they favoured a model involving an emplacement flow of an 
ilmenite norite crystal mush. This interpretation was not supported by any new geochemical data. 
Work in progress on the anisotropy of magnetic susceptibility of the Lac Tio deposit5 will shed light 
on this issue. Indeed, conspicuous deformation features without any relation with some regional 
deformation are observed in this deposit (Figure V-2). Downward gravity-driven deformation will thus 
be tested. 
 
                                                     
5 Project on “Genesis of the Lac Tio ilmenite deposit (Canada): geochemical and structural approaches” by B. 
Charlier and O. Bolle. 
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Figure V-2. Lenticular anorthosite layers showing a preferred orientation in massive ilmenite ore on the north 
flank of the Lac Tio deposit. This orientation has no relationship with any regional deformation and could result 




It is also generally accepted that parental magmas of massif-type anorthosite are anhydrous 
(Morse, 1982). Fluid inclusions studies have demonstrated the presence of CO2-rich fluids in these 
granulite facies rocks (Frost and Frost, 1987; Wilmart et al., 1991). This is corroborated by the 
occurrence of graphite in charnockites (Wilmart et al., 1991) of the Rogaland and in anorthosite and 
Fe-Ti oxide-rich cumulates of the Laramie Complex (Lindsley, 2003). Assessment of the presence of 
water in these magma has critical implications for the genesis of massif-type anorthosite. Phase 
equilibrium constraints (Longhi et al., 1999) have demonstrated that parental magma of anorthosite 
cannot be mantle-derived and crustal contaminated but should result from the melting of a mafic lower 
crust. This is due to the presence of a thermal divide on the plagioclase + pyroxene liquidus surface. 
These experiments have been conducted under anhydrous conditions with H2O and CO2 < 0.1% (Fram 
and Longhi, 1992). However, as noticed by Longhi et al. (1999), a higher H2O content would have a 
significant influence on liquidus equilibria and would deeply modify them up to the disappearance of 
the thermal divide. The presence of H2O would also influence the oxygen fugacity of the melt and thus 
the stability of Fe-Ti oxides. In most Fe-Ti deposit and particularly in Tellnes, Ti-phlogopite (TiO2 = 
6.5-9.6%) is present as a discrete intercumulus phase in the ilmenite-rich norite6. Complete chemical 
data by microprobe analyses, H2O determination, Mössbauer and infrared spectroscopy will enable us 
                                                     
6 Project on “Intercumulus Ti-rich phlogopite in the Tellnes ilmenite deposit (Rogaland Anorthosite Province, 
SW Norway): cation substitutions, deprotonation and implications for fluids composition and thermal conditions 
during the emplacement of the ore body” B. Charlier, O. Namur, F. Hatert, A.-M. Fransolet and J. Vander 
Auwera. 
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to determine the composition of fluids associated with the deposit. It will thus be possible to test the 
potential role of H2O in the formation of Fe-Ti deposits, speculated by Dymek (2003) as being 
potentially critical. 
 
Further attention should also be given to the relation between the age of Fe-Ti deposits and 
their host anorthosite, the composition of primitive liquids (particularly the TiO2 content) and the type 
of ore, dominated either by ilmenite or magnetite. Indeed, it seems, as a first approximation, that early 
Proterozoic anorthosites (e.g. the Korosten and Mazury complexes) have magnetite-dominated ores 
while late-Proterozoic anorthosites (e.g. the Rogaland and Havre-Saint-Pierre complexes) are 
characterized by ilmenite ores. It has been shown that the TiO2 content of primitive elements is 
probably the main controlling factors on the early saturation of ilmenite as the sole Fe-Ti oxide (Toplis 
and Carroll, 1995). An increase of the TiO2 content in anorthosite parental melts through geologic time 
could thus possibly occur. By analogy with komatiites that were produced during the Archean and 
Early Proterozoic and less frequently in the Phanerozoic (Grove and Parman, 2004), this may provide 
a record of the thermal and chemical characteristics of the source for anorthosite parental melts. The 
secular cooling of the mantle through time could be responsible for a decrease of the melting rate of 
source rocks which would increase the incompatible element content in melts, considering a similar 
source composition. This is important if parental melts are mantle-derived and probably crucial if the 
source is a lower mafic crust. Indeed, two successive melting events would be necessary, further 
increasing the relative enrichment of incompatible elements. 
 
Finally, the differentiation of “normal” basaltic melts also drives the liquid to Fe-Ti oxides 
saturation. The crystallization of these Fe-rich minerals has significant implications for the evolution 
of residual melts, particularly for their density and viscosity which are critical factors for magma 
chamber processes. Significant resources for Fe-V ore (Bushveld complex; Tegner et al., 2006) and 
Fe-Ti-P ores, e.g. in the “Critical Zone” of the Sept-Iles layered intrusion (Higgins, 2005), may also 
occur in basaltic intrusions. The composition of these Fe-Ti oxides is a tool for quantifying 
crystallization conditions, particularly the temperature and the oxygen fugacity. Even if it has been 
shown that high fO2 expands the stability field of magnetite and that TiO2-rich melt preferentially 
crystallizes ilmenite (e.g. Toplis and Carroll, 1995), these relations need further quantification. 
Quantitative modelling of ilmenite composition from the Tellnes deposit and the Grader layered 
intrusion have been presented. However, detailed knowledge of partition coefficients for some 
elements and their variations with temperature, melt composition and oxygen fugacity are missing. All 
these unknown highly limit quantitative geochemical modelling for natural data, which is illustrated 
by the poor prediction of Fe-Ti oxides saturation by the MELTS algorithm of Ghiorso et Sack (1995). 
Experimental work by Thy et al. (2006) has shown that the cotectic proportions of Fe-Ti oxides is 
critical for the differentiation of tholeiitic basalts in plutonic environment. This debate has essentially 
been centred on the Skaergaard layered intrusion where the liquid line of descent is either interpreted 
to follow continuous FeO-enrichment with minor variation of SiO2 (McBirney and Naslund, 1990; 
Tegner, 1997) or silica-enrichment and iron-depletion after magnetite saturation (Hunter and Sparks, 
1987; Toplis and Carroll, 1996). Further experimental data in order to develop predictive equation of 
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